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The thesis comprises of six chapters. Chapter I is an 
Introduction which gives an account of the work done so far in 
the field of inorganic ion-exchangers v/ith some of their salient 
features. It also highlights the important aspects of these 
materials useful for their analytical applications. At the end 
of xhe chapter an exhaustive list of important references is also 
given. 
Chapter II summarizes the synthesis and ion-exchange 
behaviour of a crystalline and reproducible phase of antimony(V) 
silicate cation exchanger. Its stability under the chemical, 
thermal and irradiation treatments has also been studied. The 
material was synthesized under the varying conditions i^ Table - I) 
and a sample S-6 was selected on the basis of a comparative study 
of the ion exchange behaviour of the several samples obtained, for 
further study. The exchange process appears to be fast as almost 
all the ions are eluted out in the first 50 ml fraction of the 
effluent from a column of 1 g exchanger. pH titration studies 
indicate a monofunctional behaviour of the material, while the 
X-ray studies reveal its crystalline nature with the cubical crys-
tals of a bcc system (Table-II), The presence of different func-
tional groups and water of crystallization has been confirmed by 
the IK and TGA studies,~ On the basis of these studies a tentative 
formula of antimony^V) silicate has been proposed as follows: 
Sb^O^CH^SiO^)^ nH^O 
Chapter III gives an account of the kinetic studies for 
alkaline earths (l-ig^ II), Ca(.II)» Sr(.II), BaCll)) and transition 
metals (i-ln^ Ii), FeCII), Co(II), NiClI)^ on antiriiony(V; silicate 
and antimonic acid cation exchangers. The studies have been per-
formed at four different temperatures (25 , 33 , 50 and D5 C) 
under the conditions favouring a particle diffusion controlled 
phenomenon only. A new approach based on the Nernst-Planck equa-
tions has been applied instead of the old Bt method of boyd. 
Various thermodynamic parameters such as self diffusion coeffi-
cientCDo), energy of activation (Ea) and entropy of activation 
( As ) have been evaluated which are useful for predicting the 
mechanism of the ion exchange phenomenon occurring in these materials. 
Table III summarizes tne results of the kinetic studies. 
Chapter IV summarizes the thermodynamic study of the 
exchanges of hg^Il), Ca(.Il), Sr(II) and Ba(ll) with H(.I) ions on 
antimony^V) silicate at 25 and 50 C. On the basis of the exchange 
isotherms, various thermodynamic parameters have been evaluated. 
Table IV shows the values of some thermodynamic parameters like 
thermodynamic equilibrium constant ^K), standard free energy of 
exchange ( AG ) , standard enthalpy change (AH ) and standard 
3 
entropy change ( AS°). These studies indicate a higher affinity 
of the exchanger for CaUJ-J and SrUf; at 25°C ana ijO^ C respec-
tively. Posixive values of AG*^  for the .-igUl) - Hi,!) exchan^ e^ 
indicate a lower preference for ng^il) ions than for hiy,l) ions by 
the material, nowever for the otner three exchanges the A'^° values 
are negative suggesting a higher preference for these ions iCaCII;, 
Sr(Il) and Ba(ll)]as compared to HCl) by the exchanger. 
Chapter V summarizes a systematic adsorption study of alkali 
metal ions (]>ja(l), KCI), Rb(I), CsCi)) and some other corniuon metal 
ions on antimony(,V; silicate in demineralized water. hClO, ana 
Dl^iSO + HCIO^ solvents. The K, values for alkali metals vary with 
the pH of the solution and the material is found to be highly 
selective for Kb(Ij at pH values > 3. On the basis of these studies, 
the utility of the exchanger has been demonstrated for some analyti-
cally important binary metal ion separations such as: 
Z n U D -Cd(II), I'fli(II) - C d U D and HgUIJ- Pb(Il). 
Separation of wg(II) from Ca(Il;, SrCII) and Ba(ll) has also been 
affected. These observations therefore, suggest taat antimony(v; 
silicate is a useful cation exchanger. 
The last chapter explores the possibility of using the 
antimonyCV) silicate beads in spot test analysis. A sensitive and 
selective method has been developed for tne detection of Fe\,lll; 
and ho(VI) using sodium diethyldithiocarbamate as a complexing 
4 
reagent and the adsorptio ion-exchange propei'ties of the material 
under study,' Diethyl dithiocarbamate forms metal complexes of the 
type: 
C2H5 
=2«5 
N - C ^ + n/n 
Since antimonyCV) sulphide is known to be an excellent collector 
for Mo(VI), and since antimony(V) silicate prepared in these studies 
has shown a high selectivity for Fei^ III) and wo(VI;, the presence 
of Sb(V) is probably the key factor to provide an ideal base lor 
the detection of these two metal ions, Table-V shows a comparative 
behaviour of some ion exchangers which includes the organic resin 
also. Out of the ion excnangers studied only antimony^ V^; silicate 
gives the best results in terms of tne sensitivity of the test. 
Thorium oxide does not give any positive test probably because it 
is an anion exchanger while the complexes formed are positively 
charged. Same in the observation v;ith an organic resin D^ov/ex-50 
or Amberlite IR-120). A negative test with the organic resins may 
be attributed to their true ion exchange behaviour as against tne 
inorganic materials which shov/ adsorption as well as ion exchange 
phenomena occurring on their surfaces. 
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TABLE - V 
DETECTION Lli'iITS FuR IKON AND hULYBDEtvlUM ON DIFFEKEI^'T ION EXCHiiiMGE 
M T E R I A L S AT HOOi'.. TEi'IPERATURE UO^C) 
SI. jT * Ion exchange materials 
Amount of Iron and luolybdenum 
detected per 0.01 ml of tue test 
solution 
10.0 ug 1.0 Mg 0.5 m o«i m 
1. Antimonyi,V; silicate 
2. Antimonic^V; acid 
3. Thoriura^IV) oxide 
4. Thorium (,1V) phospho-
silicate 
5. Tin(lV) phosphate 
6. Tin(IV) phosphosilicate 
7. Tin(IV) arsenate 
8. TinCIV) arsenosilicate 
9. ZirconiumCiV) phospho-
silicate 
10. Zirconium(,IV) arseno-
silicate 
11. Zirconium(IV) arseno-
phosphate 
12. Dowex - 50 
13. Amberlite Iri-120 
+ 
+ 
+ 
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CHAPTER - I 
INTRODUCTION 
Chromatography is one of the most versatile analytical 
techniques effective for the separation of mixture and quali-
tative or quantitative analysis of the separated substances. 
It is a separation method in which a mixture is applied as a 
narrow initial zone on to a stationary porous sorbent and the 
components are caused to undergo differential migration by the 
flow of the mobile phase, a liquid or a gas. The originator of 
chromatography was a Russian botanist Michael Tswett (1) who in 
1906 separated and isolated green and yellow chloroplast pigments 
by column adsorption chromatography. The key features of Tswett*s 
technique were the application of the mixture as a narrow initial 
zone and the development of the chromatogram by the application 
of a fresh solvent. His method has, however, been modified in 
many ways resulting in the different types of chromatography. 
Out of the two ma;Jor types of chromatography (liquid chromatogra-
phy and gas chromatography), liquid chromatography is easier to 
practise in ordinary chemical laboratories. In column it can be 
liquid-solid chromatography or liquid-liquid chromatography. If 
the solid stationary phase is an adsorbent the process is called 
liquid adsorption chromatography. If it is an ion exchange 
material, either organic or inorganic, it is termed as ion exchange 
chromatography• 
Ion exchange phenomenon is not of a recent origin. The 
earliest of the references, it seems, is found in Holy Bible which 
establishes Moses' priority, who succeeded in preparing drinking 
water from brackish water by an ion exchange method. Later on, 
Aristotle stated that sea water loses part of its salt content 
when percolating through certain sands (2). In 1850 Thompson (3) 
and Way (4) discovered base exchange in soils. The materisuLs 
responsible for these phenomena were identified chiefly by Lemberg 
(5) and Wiegner (6) as clays, glauconites, zeolites, and humic 
acids. Since zeolites were imstable in acid and alkaline solutions 
they coul4 only be used satisfactorily under nearly neutral condi-
tions. A more significant development took place in 1935 when 
Adams and Holmes (7) discovered that some synthetic high molecxilar 
weight organic polymers containing a large number of ionic func-
tional groups, as an integral part, could be employed as ion 
exchangers. Such synthetic products may show cation or anion 
exchange properties and hence are now known as "cation exchange 
resins" or "anion exchange resins". They consist of a matrix which 
carries either a positive or a negative charge (fixed ions) and of 
counter ions which compensate this charge. The matrix is a highly 
polymerized crosslinked hydrocarbon containing ionizable groups. 
If an ion exchanger containing exchangeable A ions is brought 
into contact with a solution containing B ions then the exchange 
3 
process may be represented as Iselow: 
A + B ;^=^ B + A 
( Barred symbols denote exchanger phase ) 
It Is a reversible process and an equilibrium is eventiially 
set up in which some of the ions initially present in the exchanger 
have been replaced by B ions from the solution. 
The extent to which one ion is adsorbed in preference to 
the other i.e. the selectivity is of fundamental iniportance in all 
applications of an ion exchanger. It determines the efficiency of 
a process in which the ion exchanger is used to recover ions from 
dilute solutions and ease with which the ions can be subsequently 
removed from the exchanger phase* It also determines the readiness 
with which two or more substances> which form ions of like charge, 
can be separated by ion exchange chromatography. Despite signifi-
cant recent advances in chromatography which have provided much 
ii*>formation about the mechanism of separation and zone migration, 
the ^selectivity of a chromatographic system is still incompletely 
unders\^QQ^ so that conditions required to separate a given mixture 
can not usually be theoretically predicted. The selectivity of 
any ion e>vchanger is influenced by the nature of exchanging ions 
such as cha^gg^ size, poiarizability and hydration. In dilute 
solutions, io,jg carrying a higher charge are more strongly retained 
by the exchange^ ^^lan the ions of a lower charge. For example for 
a typical ion exc^g^g^^^ Dowex-50 the retentions were in the 
4 
following order: 
Na (I)< Ca(II)< LaCIII)< ThUV) 
The selectivity of an ion exchanger increases with the increase 
in the atomic number of the ions in the same periodic group i.e. 
L i C l X Na(I)< K(I) < R b d X CsCi); 
Be(II)< Mg(ll) < Ca(II)< SrCII)< Ba(II)< RaClI); 
F(I)< C1(I)< Br(I) < 1(1). 
For ions of the same valency but different periodic groups the 
selectivity can be approximated from their activity coefficient; 
the greater the activity coefficient the greater is the exchange 
potential. Large ions, especially the organic ions, are often 
adsorbed strongly but full exchange capacity may not be observed, 
Ifery large molecules for example - proteins may not be able to 
penetrate into the resin structure and will be adsorbed on the 
surface only. In general the higher its polarizability and lower 
its degree of hydration, the more strongly will an ion be adsorbed. 
For exainple the adsorption increases from LiCi) to Cs(I) in which 
the degree of hydration decreases in the same direction. And also 
the polarizability increases with an increase in the atomic number. 
The nature of an ion exchanger also effects the selectivity 
in two ways - it is effected by the nature of the functional group 
and by the degree of crosslinking of the exchanger. Exchangers 
containing weakly acidic and weakly basic groups are highly selec-
tive towards hydrogen ions and hydroxyl ions. Ion exchangers 
5 
containing groups which are capable of coinplex formation with 
particiilar ions will adsorb these ions oiore strongly. If the 
degree of cross linking increases the exchanger becomes more 
selective in their behaviour towards ions of different sizes. 
An increase in crosslinking also decreases swelling of the matrix 
of the exchanger. 
Apart from its well known applications in inorganic analyses, 
ion exchange phenomenon is also applicable to the analysis of bio-
logical substances. A man contains approximately one lakh diffe-
rent kinds of proteins and no one knows how many different kinds of 
coflipounds. The information about the biological systems lies in 
these moleculesy the separation of ^ diich is essential for under-
standing the phenomenon of living. Luckily, biological macro 
molecules like proteins, nucleic acids, coniplex polysaccharides etc. 
are charged (8). Introduction of the ion exchange technique for the 
separation of amino acids (9) led to the phenomenal development of 
biology. Ion exchange resins were the first ion exchange materials 
used for the separation of biological molecules. Severeil techniques 
like electrophoresis, gel filtration etc. have also been extensively 
employed for biological systems. The combination of ion exchange 
with such techniques led to the development of more i>owerful tools 
for such separations. For example, electrophoresis on ion exchange 
cellulose papers, gel filtration through ion exchanger sephadex, 
sepharose etc. (10). 
6 
Althougji organic resins are extensively utilized In medical 
and biochemical fields, their utility Is not good at elevated 
temperatures and In presence of strong radiations, as they are not 
stable under such conditions* For this reason an Interest was 
revived In Inorganic Ion exchange materials. The uae of such 
materials for Ion exchange separations has been gaining popularity 
(11,12)* The emphesls In researches to date has been the synthesis 
of various Inorganic conqpounds and experiments to characterize their 
Ion exchange mechanism* The main use of Inorganic exchangers Is In 
the nuclear energy industry for the separation of selected nuclides 
from dissolved, spent reactor fuels* An Ion exchange material has 
however, to x>ossess several additional qiualltles In order to be 
practically useful for the purpose* The most Important of these 
may be summarized as followsi 
1* The material must be virtually insoluble within very wide 
limits of pH* flirthermore, It should preferably be possible to 
use It either in strongly acid or in fairly strongly alkaline 
solutions, as such media are often encountered in reprocessing 
work* 
2* The exchange capacity must be high enough to ensure a practical 
operation* 
3* Sorption and elutlon must be so rapid that columns can be opera-
ted at reasonable flow rates* This means that the polymer net-
work must be open enought to allow a siifficiently free diffusion 
7 
of the exchangeable ions, l*e» the degree of crossllnklng must 
not be too hig^* 
4, The resistance to attrition must be so good that columns can 
be loaded and eluted many times without severe clogging or 
channelling, 
3. It must always be possible to prepare the ion exchanger so that 
minor changes in the method or materials used for preparation 
do not cause major changes in performance. 
6, The selectivity must be so high that a convenient separation 
between different ions, or at least types of ions, can be 
effected by suitable variation of pU* 
7* If a separation is to be accomplished by variation of pH, 
another condition is obviously that the ions to be sorbed are 
able to compete successfully with the hydrogen ion for the 
functional groups, within the available range of pH« 
Most of the inorganic ion exchangers \Aiich have been found 
to fulfil, to an acceptable extent, the fUodamental qualificatiozis 
given above, possess a negatively charged polymer network and thus 
are able to act as cation exchangers. Iinportant examples are 
heteropoly acids such as ammonium molybdophosphate, complex cyanides, 
various acid zirconiiim contpounds such as zirconiiim phosphate, 
molybdate and tungstate, hydrous^  oxides of silicon, tin(lV) and 
axul 2drconluffl(IV) azid also a number of liasic salts of metals in 
high oxidation states, particularly zirconium and titanium. These 
materials in acid solutions show a very high selectivity for heavy 
alkali metals (13>14), Other materials as uranyl hydrogen phos-
phate (13»16), manganese(IV) oxihydrate (17), stannic phosphate 
(18), aluminosilicate (Decalso) (19), and day minerats (20) are 
also used for the separation of caesium by a cation exchange 
mechanism. Inqportant advances in this field have been reviewed l^ 
a number of workers at the various stages like Vesely and Pekarek 
(21,22), Alberti and Costantino (23), H.F, Walton (10,24-26), and 
A. Clearfield (12,27)* Table I shows some in^ jortant features of 
the large number of inorganic materials synthisized so far as ion 
exchangers. 
Liquid ion exchangers are also receiving increasing atten-
tion these days. During the last two decades they have found large 
applications in various areas in analytical chemistry, mainly 
because of their high extraction power, versatility an^ reagent 
stability. High molecular weight amines mihich are commonly known 
as liquid anion exchangers were studied for the extraction of zinc, 
cadmium and mercury; Cadmium and n^rcury are the serious pollutants 
of the biosphere. Among the basic amines which are employed as 
liquid anion exchangers the most ioqportant are tertiary amines and 
quatemazy ammonium salts (162). 
M 
I 
09 
0) 
U 
a 
<o 
u 
9> 
M 
OS 
• H 
> 
• H 
+» 
O 
0) 
H 
(U 
CO 
S3 
o 
•H 
•P 
•H 
i f l 
O t 
O 
o 
•H 
+> I 
<r^ O 
coa 
o 
I 
i n 
o 
to 
^ ^ 
H 
•H 
H 
(0 
pq 
I M 
H 
o 
D 
/—s 
H 
(30 
CVJ 
II 
^ ^ 
H 
ro 
'-X i n 
m • 
o . o 
c * 
- ^ CM 
H a 
3 
o J3 
& 
O 1 
<0 
3 
o J3 
& 
o a 
< 
n 
<u tx § 
^ 
u 
<u 
(O 
CM 
i4 
CM 
<€ 
c\J 
03 
CM fn 
H 
+> 
to 
& 
•d 
0} 
i 
•H 
+> 
•d 
•H 
U 
(d 
a i 
i n 
H 
bo 
M 
(d 
§ 
•H 
wd 
O - H 
in 
9 
00 tn 
I 
I I 
s § 
(4 
CO 
r - i n 
CM com 
o\ • • 
•H • ' c - O 
com 
^ . 1 1 
XI 1 CO cptn 
o-3Foo 
• • • fn-4"-d-
(Q 
3 
o X! 
& 
Q 
1 
10 
3 
o Si 
& 
Q I 
« CO a 
3 o , O - H JH 
t<-P 0) 
o cd <30 
J3 o fl p< g 
n >>A O (} O 
cu a (i> 
-p 
§ 
c o 
o 
•H 
H 
CO 
x< 
•H 
j3 
>> w 
S^!>> O O 
a o 
•M JH 
•P U 
q at 
vO 00 
o 
0) 
VI 
•H 
> 
•rl 
+> 
O 
« 
« 
CO 
o 
o 
o 
o 
VI (0 
O bO 
(U § 
0) 
(3 
O 
O 
I 
9 
at 
•H 
U 
H O 
oaiz; 
C7\ 
to 
H 
H 
o 
H 
IS 
•H 
s ^ O 
-4- CM 
I 
I 
0) 
+> 
a 
& 
H 
H 
0) 
+> 
•P 
01 
i 
o 
0) 
to 
0) 
o 
in 
CM 
- J 
VX5 
- - » M i}0 
M 
M 
(d 
£ 
2 
CM 
m 
.--s 
•4-
P I 
s >_^  
<u 
o i 
o 1 O 
<U CM 
0 33 
O 
CM 
X 
• CM 
/^v 
< ! • 
O 
£^ 
% i X 
« 
o 
CO ^-  ' ' ^ 
o 
O 
I 
ocy\ 
n 
o 
iTv 
n 
o 
0) 
CM 
II 
0) 
O 
oT 
I 
H 
(^  0} 
a 
•p 
cr> 
0) 
+> 
P I 
t 
a 
<U 
O 
CM 
S 
CO ^ a 
a c o o 
CQ 
• • C M 
cu •• 
•• r-d) •• 
OCM 
0) ^55 
H 
H 
CQ 
o 
+> 
s 
ft 
•p 
O oj 
tA 
o 
CM X 
CM 
• 
CM 
O 
CM 
0) 
O 
CQ 
a\ o 
M 
H 
as 
o 
u 
O 
> 
CO 
0) 
H 
H 
I (0 
O P 
10 I 
- p 
cd 
Dl 
0) 
I 
a 
^ s 
a 
o> 
o 
{^ 4 
o 
io 
n 
I I 
0) 
+* 
ctf 
s 
>» 
H 
a 
o 
in vo 
Q> 
o 
u 
0) 
H 
o <a 
§ 
•H 
+> 
•H 
CO 
O 
!• 
o 
o 
H 
4* 
in 
H 
>, 
+> •H 
> 
•H 
-P 
U 
<1> 
H 
0) 
CO 
-.^ 
•rt 
H 
• k 
/•^ M 
M 
« « . ^ 
tiO 
K 
H O 
C O S 
3> 
o 
H 
I 
i 
+ 
o 
CM 
in in in 
^ o 
CM CM O X 
•H ^ 
03 . 
CM^^ 
CMO 
O S 
© tn 
o X 
a»<t 
com 
•• 
OCM 
n 
I I 
5 p. 
CO 
o 
ft* 
g cd 
•H -H 
a>-H 
O DO 
00 
I 
• 
o 
n 
u 
o 
I 
tn 
in 
M 
CM 
m 
o 
in 
CM 
It 
O 
0) 
in 
in 
H 
H 
>^ ^ 
H (3 
s - ^ • 
•H - ' ^ 
• J H 
• H 
/ • ^ s « * 
H JH 
v-^ CO (d * 
3 '-^ 
• H 
' - x H 
M - -^ 
s ^ OJ 
« O 
CO 
s «k 
H 
v . ^ 
:^ 
«k 
.-^ M 
oJ 
«k 
- • - ^ 
M 
••^ (Q 
O 
. < • " * 
> M 
v ^ 
^ 
• t 
-^^  
> M 
N ^ 
^ N 
o 
(0 
< 
%.^  
rn 
O O 
CM CM 
o m 
00 
u 
o 
in 
in 
M 
M 
M 
M 
04 
O 
m 
o o 
CM CM 
h ^ 
o 00 
o 
CM CM 
03 
O 
a 
I 
H 
i 
O Qi 
CM 
CM 
in in 
> 
M 
rnr-
CM 
U 
o 
CM 
n 
u 
o 
in 
•k 
in 
m 
il 
M 
O 
o 
H 
la 
in 
o 
CM 
CO O 
tn CM 
• s 
mcM 
O CM 
CM 
u 
in 
en 
CM 
II 
u 
o 
> 
CO 
01 
o 
a 
<: 
a 
3 
CM 
O 0) 
^ (0 
CM 
09 
O 
« 
0) 
00 
i n ir\ 
s 
vO 
CM 
M 
'0 2 
•H 
> 
•H 
+> 
O 
0) 
H 
0) 
CO 
M 
(30 
M 
M 
^ 
o 
H 
M 
H 
v - ^ 
s 
•» 
H 
M 
^ 
0« 
H 
•«-^ 
•H 
• k 
-<-> 
M 
>_^  
eS 
S 
•% 
H 
- s ^ ^ 
trd 
. - • ^ 
M 
H 
N . ^ 
x> 
o 
y->^ 
> M 
s . ^ 
a> 
o 
/"-^ 
M 
s _ ^ 
CQ 
O 
I 
^ J O 
Cvl Cvl 
U X 
O 
i4 r-
2 
<J o 
« 1 
o 
o 
OJ 
OJ 
o 
o 
§• 
o o 
Cvl 
o 
o 
<» 
o 
H «• •• 
«• •• 
JHCVI 
O 
o 
CM 
0) 
II 
a> 
' ^ 
CO 
CM 
n 
fa 
o 
fa 
-p 
I 
H 
0) 
+> 
(0 
3 
o J3 
01 
3 
O 
« 
I I 
i 
03 
a a 
^ ^ i ; 
O 0) O S 
2 cd 3 >> 
a 3 
o 
a 
a> 
ft 
to 
<U 
o 
0) 
xi 
B 
+> 
H 
O 
O 
> 
0) 
+> 
H 
O 
o 
O > t M 0) O 0 > f a 
0) 
- p (d 
01 
(d 
o 
•H 
0) 
fa 
03 
o o _ 
1 4 1 
+^ 
S 
g 
•H 
+» 
§ 
U 
•H 
fa 
01 I 
& 
Q 
+> 
cd 
+» 
03 
o 
t 
u 
fa 
01 
o 
o 
a 
^ ^ 
in 
CM CM CM 
CO 
CM CM 
O 
tn 
CM 
rn 
a o o 
M 
I 
a 
9 
(0 
0) 
o 
<U 
a: 
>> 
+> •H 
> 
•H 
+i O 
<u H 
a> CO 
^ 
o 
•k 
^•s 
M 
M 
p" f^ 
o 
•H 
•H 
n 
o i 
o 
H 
0) 
+> 
H O 
cos; 
O 00 9J 
M 
(U 
x; 
O T-
<M 
CM 
CM 
2 
K^ 
I 
0) 
at 
Si 
0) 
o a 
•H 
CQ 
0) 
o I 
o 
a 
<: 
H 
•H 
to 
(U 
01 
'^  I IS 
X 
CM 
o 
CM 
o 
, Q 
CO 
• 
CM 
o 
H 
CO 
> 
3 
H 
H 
cd 
I P 
•r4 01 
s >, 
CO o 
<0 
+> 
(d 
i 
• P 
a 
O 
•H 
i<\ -^ i n 
IS- O C^ 
CQ 
H 
CO 
a 
CO 
0) 
ON 
II 
CQ 
<»: 
* ^ 
Si 
CQ 
O 
o 
+> 
cd 
CQ 
Cd 
a 
o 
•H 
M 
H 
^ 
(Q 
X3 
I 
0) 
+> 
Cd 
• d 
•?. 
a 
•3 
o 
•H 
CQ 
o 
o 
(U 
-p 
cd 
Si 
P* 
o 
Si 
p« 
a 
o 
•H 
3 
CO 
o 
0) 
•d 
o 
CQ 
Si 
M 
X 
VO 
H 
H O 
M s - ' 
f-1 • 
3 
(d q 
CQ 
o 
X! 
Q 
0) 
CQ 
& 
O 
ir> v O 
^0 
00 en CM K\ 
<t -4-
n 
o 
s 
u 
0) 
+> 
+> 
O 
O) 
H 
0) 
CO 
§ 
•H 
•P 
•H 
03 
O 
i-
o 
o 
u 
o t)0 
0) 
H 
•H 
0) 
+> 
• • 
H O 
C O Z 
O- 00 <T> 
c»- c ^ c>-
M 
M 
M 
H 
M 
M 
M 
d 
00 
I 
H 
O 
o 
M 
5 -H 
M M 
5 
CO 
0] 0} 
3 3 I 
11 
On 
i 
O 
CO 
H 
U 
CO 
i4 H 
• M 
.-^ M 
M ^^ 
' -» M 
M H 
d 5 
i5> 
CO 
K O . 
O CM 
CO 
ro o 
0) 0) 
CO CO 
OT CO 
s 
0) 
m 
•P 
s 
§ 
•H 
+> 
o o 
CO CO 
• • 
in vo 
CO 
3 3 
i i 
0) 
+> 
H 
0) 
01 
00 
04 
O 
5 
(0 
Q 
Cvl 
00 
fO 
00 
< * • 
00 
<J\ 
i n 
i n 
CO 
^ 
* I 
tn 
^^ CM 
>.• • 
COO 
-^^  rn 
n 
CO I 
0) 
M 
(d 
« 
I 
• o 
• CM 
rnus 
x-N rn 
X • 
o vo 
Q ^ 
fl « 
CO fc 
I 
O 
tn 
li 
0) 
Cn 
* ^ 
CO 
I 
3 1 3 
S 
vO 
EL, I 
< f O 
• x 
o in 
s CM 
0) 
0) 
o 
I 
M 
> 
M 
> 
H 
in •4-
^ o 
CM W 9 ^ 
CO W 
CO 
<! 
«• 
CO 
I 
5 ^ CM in 
CO D, 
fn 
in 
<4 
CO CM 
i 
4 
o 
a 
u 
0) 
<V 
•rl 
> 
•H 
+> 
O 
« 
<U 
CO 
O Of 
a o 
{3 o 
o 
o 
o 
O 
u 
(0 
0) 
at 
• • 
H O 
C O S 
CO 00 
a4K^ 
*• •• 
o 
i Q I 
CO 
00 
crv 
00 o a\ 
CM 
CTk 
<:<M 
•• • • 
flCM 
03 r-
03 
0) • 
•• •• 
o 
I 
0) 
n 
flCM 
CO 
(0 
3 
Q 
3 
I 
o 
X 
a 
cd 
1 
M 
H X 
IQ 
Q 
<U 
+> 
S 
CO 
ft 
+> 
CO 
in 
ON 
in s 
CO 
CM 
n 
< 
a 
03 
o 
I I 
0) 
-p (d 
<u 
(0 
73 
T - CM 
y~^ 
M 
M 
v - ^ 
bO 
m 
• 
•4-
o 04 
<^^  
5-CM 
CM 
O 
•H 
CO 
CM 
CM 
O 
C! CO 
1 
O 1 
CM 
? 
M 
M 
>.^  3 O 
• k 
-^^  M 
M 
<^ (0 
pq 
1 
x - V 
H 
H 
s ^ 
(d 
pq 
1 
H 
H 
^ • ^ 
3 
o «k 
-—^  H 
H 
N « i ^ 
cd 
m 
1 
/'^ M 
M 
H 
v - ^ 
^ 
1 
-^^  H 
s . ^ 
;Q 
a: 
» 
^^ 
M 
• . - ^ 
0) 
o 
o 
CM 
5 vO 
• s 
o 
/ ' ^ 
-d-
o 04 
CM 
V . i ^ 
CM 
O 
cd 
(d 
y ' - N 
H 
~„^^ 
« 
• k 
^—s 
H 
M 
N - ^ 
Cd 
pq 
1 
(d 
.^ -^  M 
\^ 
<t 
K 
3 
• k 
- • ' ^ 
M 
v ^ 
54 
1 
t o 
II 
,Q 
CO 
(d 
EH 
(0 
& & i 
I 
+> 
^ § 
a 
H 0) (d-P 
+» (d 
o o H a 
to 
VO 
i n 
CO 
o 
;c! 
ft 
I 
+> 
•H 
C! (U 
H 
0) 
03 
a 
H 
- 4 -
VO 
09 
a> 
o 
a <u 
u 
a> 
u 0) 
OE: 
>» 
•p 
•H 
> 
•H 
+> O (U 
H 
a> CO 
H 
ctf 
o cd 
• H H 
^ 3 01 s 
Oi ^ 
a o W « N 
a 
o 
•H 
+» •H 
D) 
o 
! • 
o 
o 
f4 (H <U 
O t)0 
« 3 II 
a» 
H (d 
•r< 
^ 
0) 
+> S 
• • 
H O 
C O S 
CO 
(l> 
« 1 
u s 
0) 
n B 
a 3 
•H 
d 
cri 
-I-' 
•H 
H 
^•x 
M 
M 
M 
-.^ 
^—s 
t-
CJ\ 
• k 
vO 
<T\ 
s ^ 
1 
9J 
vO 
t o 
• 
o 
2 o CJ C J K 
» 
^.^ 
hO 
r-
T-
• 
f O T -
lA 
• 
O 
^ ^ 
O 
•H 
O 
• CM 
1 
v£) 
• 
O 
H 
•H 
H 
— 
a* 
09 
3 O 
43 
& 
o 1 
0) 
+> M 
p< (Q 
O j : : 
Qi 
a 13 
•H 
§ 
+> 
•H 
H 
• 
i n 
VO 
C»-
O-
• 
T— 
.•-N 
O 
-—\ 
00 (T\ 
N ^ 
H M M 
M H M 
O C O O 
«k «b tk 
^ - ^ ^ " V ^ 
H U M 
H H M 
y-m^-^m^^'m^ 
^ a a (umt^ 
o 
CM 
i n 
• 
CM 
• 
CM 
^-^ 
^ 
O 
to 
s 
> > • 
• H 
1 
CO 
:3 
Q 
a 
& 
O 
^ 
0) 
-p 
0) (Q 
U 
a 
a 
:i 
•H 
s 
+* •H 
H 
• 
VO 
VO 
cr> 
a\ s.^ 
0] 
H 
05 
+> 
0) 
a 
$ 
u 
ca 0) 
(U 
^ 
OS 
1 
o 
• 
r-
II 
•H 
EH 
•V. 
JQ 
CO 
n 
;3 
Q Si 
& 
Q 
a 
< 
0) 
•p (0 
Q 
a 
•H 
•P 
§ 
a 
s 
•H 
s 
•P 
•H 
EH 
• 
f^ 
VO 
O 
O 
••—^ 
H 
M 
s-x 
o 
> 
1 
1 
1 
0) 
CO 
0) 
H 
H 
01 
o 
T-
o 
H 
•H 
£H 
M 
H 
v.^ 
(d 
m 
• k 
-—^ 
H 
M ' ^ 
v - ' M 
4 3 - w 
O^fciJ 
i 
O 
• 
CM 
1 
i n 
• 
o 
II 
•H 
EH 
" ^ 
O 
S 
(Q 
=J 
O 
a 
& 
o a 
< 
(D 
•P 
Cd 
>» 
H 
O 
a 
a 3 
•H 
§ 
•P 
•H 
EH 
• 
00 
VO 
CM 
O 
M 
H 
cd o 
M 
H 
>-^ 
^ 
s • k 
»—N 
M 
s_^ 
« 
O 
1 
1 
(0 
3 
o 43 
& 
Q 
0) 
-P (d 
•p 
ca 
bO 
rt 
3 
•P 
a 
:3 
•H 
§ 
-P 
•H 
EH 
• 
CTv 
VO 
m 
o 
H 
H 
\.^ 
n 
o 
1 
cr> 
t n 
• 
T-
n 
<u CO 
• ^ 
•H 
EH 
VI 
3 
o 43 
& 
o 1 
0) 
•p 
•H fl 
0) 
H 
0) 
03 
a 3 
•H 
§ 
+> •H 
£H 
• 
O 
t ^ 
f^ 
i n 
1 
1 
VO 
O 
• 
CM 
11 
•H 
EH 
" ^ 
0) 
EH 
CO 
3 
o 43 
& 
O 
1 
(U 
-p 
cd 
:3 
H 
H (I) 
•P 
a 3 
•H 
§ 
+> •H 
&H 
• 
r-
C»-
- ^ 
O 
y—^ 
M 
H 
v,^ (4 
CO 
O 
CM 
m 
O 
CM 
K 
i n 
• 
\ -
• 
cr> 
o 
m > 
• H 
EH 
O 
• 
-ct 
II 
•H 
EH 
" ^ 
> 
0} 
:3 
o 43 
& 
O 
a 
<: 
<i> 
cd 
TJ 
g 
% 
s 
3 
•H 
cd 
-P 
•H 
H 
• 
CM 
D^ 
i n 
o 
.^N 
M 
-^ 
0} 
CJ 
^ C! 
I v . 
1 
O 
CM 
• 
VO 
S 
o 
»-• 
0) 
Cr* 
K 
.""» 
W 
o N . ^ 
Cd 
O 
• H 
i 
0] 
3 Q 
43 
& 
o 
a 
<! 
1 
O 
u 
u <1> 
tH 
a 3 0) 
• H T J 
§'d 
-p cd 
•H > , 
EH O 
• 
m t>-
vo O 
1 
o CM 
• 
-J-
g 
t n 
w 
»—^  
/*-* 
< ! • 
O 
0) 
<; 
K^ 
s 
^-^ 
CM 
O 
•H 
£H 
CU 
• • r -
to • • 
< : ^ 
• • • • 
• H f n 
EH 
0) 
3 
O 
43 
& 
O 1 
o 
% 
01 
;< 
cd 
0) 
a-p i^ 
3 0) 
+3 O 
•H43 
EH a 
• 
-4" 
^^ 
; r% ib 
u 
0) 
a> 
a : 
o 
00 
o o 
CM K^ -;!• in vo 
17 
00 
^ 
+> 
o 
<u 
H 
(3 o 
(0 
o 
o 
o 
{^4 
o tio 
H 
•H U 
« I 
H O 
1 
1 
1 
1 
1 
o s 
>> H 
Q 
a 
8 
3 
•H 1 
4) 
+> 
^ 
0« 
0} 
o rl-^  H 
• i n 
t -
P I 
> 
H 
(2 
» 
; / -N 
> 
' S ^ 
.Q 
3 
N O 
1 
1 
«a 
3 Q 
Si 
& 
1 
1 
Q Si 
CO 
9 A 
Pf 
a 0) 
3+> 
•H (tf 
3-H 
• H - H 
EH 01 
• VO 
^-
. ' -N 
H 
M 
>..^ 
^ Oi 
1 
1 
to 
3 O 
XJ 
& i 
1 
o 
+> 
tao 1 
a 0) 
3+> 
•H cd 
3 0) 
• P 10 
r" ^  EH (0 
• 
c^  I S 
J " ^ 
> 
H 
»-^  
a EH 
1 
1 
(0 
3 
o 43 
& i 
< 
1 
o 
+> 
09 bO 
d 
3 
•p 0) 
a-p 
•3^ 
+> o 
•HXS 
EH 0 , 
• 00 
l>-
H 
(^ 
-< 
•» 
^-\ M 
• " ^ i ^ 
03 
O 
«k 
*-> 
H 
tU 
1 
1 
1 
1 
O 
c 
m 
p» 
<t> 
a-p 3 (d 
•H43 
Is 
•Hx: EH P, 
• (T\ 
O-
09 
U 0) 
tx i 
o 
X 
•d 
d) (0 
B 
a 3 
•H 
F^  O 
Si 
EH 
> 
M 
X 
M 
M 
<-^  H 
M 
H 
^^^ 
« 
M 
H 
cu 
1 
• 
1 
• 
u 
EH 
n 
3 
o 43 
& 
1 
0) 
+> i 
P I (0 
O 
^ 
P I 
a 3 
O 
;Q 
EH 
O 
00 
1 
O 
1 
o 
CM CM 
• 
• CM 
C M ^ ^ 
/"^ ^ 
•4-0 
o 
1 
01 
EH 
1 
55 
H 
H 
H 
H 
« et) 
•P 
vx 
o 
0) 
O 
0) 
• p 
(0 (3 (U 
CO 
u 
a 
a D 
•H 
u 
o 
43 
EH 
T -
oo 
1 
1 
CM 
• 
1 
• 
t n 
n A 
EH 
•• 
x> 
CO 
to 
3 
o 43 
& 
1 
•P 
o 
a 
•H 
-P 
§ 
a 3 
•H 
u 
O 
x: EH 
CM 
00 
H 
H 
43 
04 
* / - -N 
> 
H 
s . ^ 
.53 
«k 
M 
M 
• > . ^ 
0) 
(x« 
1 
1 
01 
3 O 
a 
& 
<< 
<u 
• p 
CO 
% 
>» H 
Q 
a 
a 3 
•H 
O 
Si 
^ 
m 
00 
M 
v . . ^ 
(0 
a • k 
^"K 
H 
«k 
M 
(Q 
O 
CM 
^•^ 
O 
S o 
^ x CM 
^ " S 
O 
43 
EH 
O 
• 
CM 
H 
> 
EH 
0) 
3 
o 43 
& 
1 
0) 
+> at 
• P 
01 
bO 
rt 
3 43 
a 3 
•H 
0 
43 
EH 
^ 
00 
—^\ M 
M 
«.^  bO 
K 
•k 
M 
H 
H 
•H 
pq 
1 
1 
0) 
5 
H 
H (d 
0} 
0 
ca 
<o 
o 
s 
u 
0) 
+> 
O 
« 
H 
0) 
CO 
ON O 
CM CM 
H 
s 
O 
CM 
CM 
rev <f m vo 
CM CM CM CM 
O 00 
CM CM 
ON 
CM o 
to 
(Q 
M 
>«.• 
OH 
3 
•k 
- ' - s 
M 
.^^  
« 
«h 
>-^  M 
• • - • 
^ 
a: 
» 
z - ^ . 
M 
•o-^ 
to 
o 
/--^ 
M 
M 
' - x 
O 
O 
•> /'-\ M 
M 
>-x 
^ 
03 
^-\ 
M 
M 
H 
s . ^ 
J3 
S 
/-^ 
H 
M 
»» CM 
O 
HD 
•% 
/ - • ^ 
H 
H 
• — I * 
^ 
« 1 
. - -N 
M 
H 
• » - • 
^ 
2 ! 
" ^ M 
33 
Si 
«^  
,.«-% 
M 
<«_^ 
0} 
o 
•« / " N 
H 
"^ 
<: 
• b 
^-x 
M 
s . ^ 
at 
2 
H 
M 
-.^ 9> 
O 
• k 
-^^  M 
H 
•s.^ 
CM 
O 
-^^  M 
H 
N « ^ 
(H 
03 
• k 
-^^  l-l 
M 
^^ (d 
o 
• k 
-^> M 
M 
'-^ 
•H 
• k 
/—N 
M 
H 
^.^ 
3 
O 
r--\ 
M 
M 
s—« 
J9 
s • k 
/ • -N 
H 
H 
0) 
En 
«k 
>-^  M 
^ H . ^ ' 
C<J 
s 
H 
<D 
+> S2 
a 
+» fl 
a> H 
S^  
> 
•H 
H 
2 s 
u 
o Dq 
o o 
CM CM 
<f • • 
S /-N <J- CM CM 
«.^ O - ^ ^ ^ 
w s ff* 
O ^-^ '"-^ 
^ X, u u 
N N N N 
ft 
§ 
•H 
+> 
• H 
CO 
O 
& 
O o 
0) 
+» 
H O 
coa 
CO 
h 
<u (X 
ffl 
3 
q 
>< 
a> 
x> 
<u to 
B 
§ 
+> 
n 
<JC 
9 
^ 
/ • ^ 
> X 
%^ 
i 
<u 
•H 
H 
3 
>» 
u 
o 
o 
•H 
c: 
o 
a 
•H 
•p 
§ 
o 
+* 03 
bO'd 
d - H 
3 o H (0 
• i n 
00 
CM 
• 
II 
CO [3 
O 
J3 
& 
O 
4 
1 
o 
u U (U 
VI 
a 0 ) <i> 
• p - d 
CO-H 
sS 
3 >» EH O 
• v^ 
CO 
CO 
f-l 
p 
^ 
o X 0) 
-d 
a> CO 
<d 
,Q 
s 3 
•H 
s 
h 
3 
/—» 
H 
s 
' % a ^ 
1 
1 
S3 
0) 
ijO 
o 
u 
n 
>><u X3-P 
HS 
>»o. g CO 
a o 
UXi 
D A 
• 
e^  00 
• 
II 
CQ 
3 O 
^ 
& 
o S 
< 
1 
o 
u 
u 0) 
«H 
a a> 3 ' d 
•H-H §§ 
;^  >. D o 
• 00 
00 
CO 
u 0) (>( 
ri 
3 
o 
X O) 
•d 
0) 
CO 
Ctf 
^ 
& 3 
•H (3 
o 
o 
u 
•H 
N 
>'^  M 
M 
s 
CM 
1 
irv 
• o 
II 
u 
N 
C9 
3 
o Si 
& 
o 
a 
<t 
1 
CO 
o J3 
P. 
a :3 
•H $3 O 0) 
o+> (4 (0 
•H43 
NJ p, 
• ON 
00 
CM 
U 
N 
04 
(U (3 
•H 
H 
H 
a 
-p 
CQ 
o 
o 
CM 
n 
CO 
CM 
I 
U 
> • 
fl* CM 
iTv 
U 
CO 
3 
o XI e^  
o 
a < 
CO 
: 3 
o 43 
e 
o 
a <; 
1 
o 
^H 
>> 
ft 
a a> 
3 - p 
•H a 
axi O P, 
O CO 
U Q 
• H X i 
N P, 
• 
O 
ON 
.a 3 
•H 
C! 
O 
o 
u 
N 
• 
t— 
ON 
"l 
-P 
^ 
S* CQ 
Q Si 
ft 
o § si 
00 
o 
a 
u 
0) 
+> 
•H 
> 
o 
H 
to 
•3 
o (d 
•HH 
0) i 
a o 
txl«H 
o 
09 
O 
t 
o o 
of 
•H 
0) 
+» 
• • 
H O 
CO 25 
«^ 
X— 
to 
r-
• x ^ ' 
< «^« 
rr» 
to 
ir 
-.^ 
/-^ 
to 
to t -
N—^ 
.*-* /--% 
<J- lO 
to to T- r-
N-X -W^ 
/ - \ 
vO 
to T" 
s,»* 
/-•^ 
00 
to T -
«h 
to 
/ - N 
<J\ 
to T -
-^^  
•-"X 
5 
T -
s ^ 
•4-
r-
«% 
r-
/-> 
•0 •4-
t— 
•-^ 
M 
01 t 5 
•^  s 
p 
0) - - s 
a a u 
•H O 
H <»H 
(d 
TO >-^ 
M 
H 
>^^ 
a 
1^ 
o (d <H 
o 
• k 
.'^ 
H 
x-% 
M 
»«^  
H a 
s ^ 
5.3 
•» 
- 4 > - ^ 
(4 S 
O Z 
b 
a 
•H 
v ^ 
1 
1 
01 
:3 
o A t 
o 1 
1 
>, 
H 
O 
P. 
a a> 
3-P 
•H (d 
ax: O A 
u n ;^  o 
•HJ3 
N p. 
• 
CM 
<J\ 
M 
M 
H 
N . ^ 
«> 
>.^  
.K-N 
H 
H 
x ^ 
ei( 
fa pq 
.•-^  
H 
^ ^ 
cd 
3 
• k 
M 
««^  
tsi 
«k 
y ^ i 
H 
• • . ^ 
CO 
O 
1 
VO 
ON 
• 
1 
t o 
lO 
• 
n 
u 
N 
0] 
(Q 
:3 
o 43 
& 
O 
1 
§ 
« CQ 
tH 
(d 
a 
3 
.H 
c: O 
o 
u 
•H 
N 
• 
t o 
CTk 
' - N 
H 
^ _/» 
CQ 
O 
« 
/-> 
M 
• k 
-^> 
H 
•-^ 
(d 
2 
^cv. 
• 
C\J 
•4-
O 
u 
N 
n 
N 
0) ^ H 
H 
CQ 
A 
Cd 
«h 
y ^ 
H 
s . ^ 
-4-
p^ 
•k 
M 
' > . ^ 
« 
«k 
^—N 
H 
s ^ 
« 
s 
1 
1 
(Q 
:3 
o A 
& 
O 
a 
< 
1 
o 
a 
•H 
p 
•S 
a 
:» 
.rl (3 
o 
o 
/ • -N 
M 
hJ 
«k 
X - N 
H 
^-^ (Q 
O 
V 
J H P 
vH 
N 
• 
•d-
<j\ 
(d 
C! 
1 
1 
o 
• 
CM 
i 
l O 
• 
00 
II 
a 
3 
o 
x; 
& 
o a 
< 
1 
p 
>. 
H 
Q 
a 
s 
3 
-r^ 
C 
o O (1) 
^ i P 
.H (d 
Nx< 
• 
m ON 
^ - N 
• M 
- ^ H 
M v - » 
v ^ tlO 
« K 
« * 
^—S/ -N 
M H 
,Q .H 
a ; •J 
«k » 
- - ^ / - N 
H M 
s«/->—^ 
CQ (d 
o s 
1 
• 
o 
1 
o 
• 
II 
n 
3 
O 
A t 
o 1 
1 
a 
00 
rt 
p 
P 
g 
3 
.H 
a 
o o <u 
J H P 
vH (d 
M P 
• 
VO 
o\ 
1 
o 
CM 
• 
VO 
O 
0) 
X 
N 
1 
CQ 
3 
O 
X5 
& 
Q 1 
1 
3 
H 
H 
0) 
P 
a 
3 H 
C 
o O 0) 
? H P 
nH (d 
N> FH 
• 
J> 
c^  
•«^ 
i ^ 
«k 
/—\ 
H 
s « * 
,Q 
o: 
• k 
/'^ 
H 
CQ 
O 
«k 
-^^  
M 
• • ^ 
(d 
s 
o 
CM 
O 
1 
a 
H 
H 
(d 
p 
(Q 
>. 
O 
0) 
P Cd 
H 
^ 
o 
a 
3 
^H 
a O 
o 
u 
.H 
N 
• 
00 
a\ 
M 
M 
- ^ 
(d 
o 
» 
---N 
H 
M 
M 
a 
CO 
• k 
y^y^ 
> M 
M M 
«_^x_^ 
XS U 
E^ CO 
1 
1 
CQ 
3 
0 
^ 
& 
Q 1 
p 
cd 
o 
•H 
H 
.H 
CQ 
a 
D 
•H 
C! 
O 
O 
u 
•H 
N 
• 
ON 
ON 
• ' - ^ 
H 
• > - • 
-ft S 3 
«k 
/-^ 
H 
Cd 
a i « 
y^s 
M 
N « ^ 
•H 
1 - ^ 
1 
lA 
lA 
• 
O 
II 
ft 
N 
^ ^ 
<1) 
fa 
CQ 
3 
O 
X! 
^ 
O 
1 
1 
o 
u 
u 0) 
<H 
a 
3 
.H 0) 
C T J 
O^H 
2§ 
•rl > , 
N O 
• 
O 
o 
19 
01 
o 
u 
0) 
0) 
^ ^ 5 ? o 
in 
o 
20 
in 
t 
- p 
o 
(D 
M 
H 
at 
M 
O 
0) 
CO 
•H 
4^ 
H 
a) 
u (d 
• H H 
o 
•H 
+» 
• H (Q 
O 
o o 
O 
U 
0) 
•3 
•H 
u 
• p 
s o 
CM 
g 
o tn (Q O 
<< o CM 
m cvj (Q 
5 S Si 
CM 
N 
•« 
CO T -
U •• 
N CM 
I 
§ 
I 
o 
cd 
a 0) 
:3-p 
• H CO 
O ft 
U IQ 
>w o 
•H fl 
N p. 
CM 
N 
CM 
C O S 
CM 
01 
o 
I 
I 
o 
at 
3 - p 
•H at S-« o p, 
o ai 
U o 
N p , 
CM 
o 
M ca 
o 
0) 
H 
H 
at 
CO 
o 
I 
a 
+> 
+» 
a (u 3+> 
•H at 
O P, 
O 01 
^ 2 
N p. 
o 
8 
c o ^ 
• • • • 
< ; CM 
•• •• 
•^  
0) 
H 
H 
>, 
o 
g 
01 
3 «» 
a at 
o o 
O - H 
• H - H 
N CO 
O 
in 
- CO r-
O CM CO 
• • • 
o o o 
«• «• •• 
o o o 
o o o 
• • • JH CD ^n i n M Co m T-
• • • 
r- m V£) 
CM 
CM 
r-
O 
N > 
O 
I 
o 
a <u 
3 - p 
o p, 
O 03 
u, o 
N P I 
01 
O 
o 
a 
I 
o 
Si 
p< 
01 
O 
a 
c: at 
o o 
O - H 
N 01 
• 
ON 
o 
n 0) 
o 
a 0) 
u 01 
<H 
0) 
o: 
>. 
+> •H 
> 
•H 
+> O 
<D 
H 
0) 
CO 
^-x CM 
i n 
r-
v«^ 
X - S 
a H O M 
•H H 
•P * ^ 
aJ^-*,Q 
TJ M to 
O ^ - ' M 
•H H 
0) EH ' - ' 
> • 'fl 
•H'-*CO 
+> M • 
•H 0) M 
H Ct* H 
<jj » - • 
<3 o <i; 
H 
O Of 
0) g 
a o 
0 <H 
(3 
o 
o 
o 
o 
• P 
H O 
C O S 
K^  
in 
^ 
in 
in 
in 
vO 
in 
c>-
in 
§ 
+> 
o 
<u 
d 
1^ 
£)0 
O X 
I 
a 
a 
§ ^ 
U (0 
•ri O 
+> 
H (d 
CO 
o 
(d 
o 
a 
o 
o 
u 
•H 0) 
N + > 
(d 
a j : } 
3 ft 
•H W (Q O 
I 
o 
2 
a 
.3 
. ^ ^ 
•H S 
H W 
O 0) 
CM 
Q 
0) 
+> 
to 
a 
.3 
tn 
to 
:i 
o 
Si 
I I 
s 
H 
H M 
5 
«k 
r - ^ 
M 
H 
E-( 
M 
•H 
-^J 
M 
H 
s . ^ 
1" 
.^^ 
M 
H 
00 
K 
M 
(Q 
O 
I 
s CM 
0) — ' 
&«^ t n 
•4- o 
tn 
CM 
n 
0) 
Pt4 
(U 
H 
H 
0) ^ 
CO O 
I 
o 
0) 
«H 
0) 
+> 
m 0) 
H 3 
Q > . 
i n 
PQ 
Si 
0) 
at i 
0) 
o 
•rl 
VO 
00 in 
(0 
o 
^-\ 
M 
ON 
in 
I 
mm 
ON CM 
II 
<U 
EH 
> 
CO 
CO 
o 
si 
Q 
S 
>» I 
EH 
00 
(0 
o 
§ 
u 
<a 
0) 
>. 
-p 
•H 
> 
•H 
+> U 
0) 
H 
0) 
CO 
/ • ^ 
M 
v .^ 
,Q 
o: 
« 
t " ^ 
H 
•_^ 01 
O 
/—X 
M 
«^^  CO 
o 
§ 
•H 
+> 
•H 
0) 
O 
o 
o 
H 
Of 
•rl 
;:< 
+> 
^1 
s v£> 22 
vO 
0) 
<^ 
00 
• 
t<^  
n 
0) 
PC4 
00 
ON 
• 
T -
n 
<D 
fc. 
^ 
^ 
09 
3 
O 
43 
& 
o 
a 
< 
1 
o 
u 
u 0) 
u 
B 
Hi (U 
•H-cJ 
•d-H 
> o 
• 
cr» 
r-
CQ 
3 
O Si 
& 
o 
a 
<: 
1 
o 
u 
^ 
a> 0) 
• H T J 
•H IE 
N O 
• 
o CM 
o 3 
Ion chromatography, which uses resins i«hose ion exchange 
fiinction resides in a thin surface film, is now very popular 
(163-167)• The method is especially useful for anions, and very 
low concentrations can be measured, down to parts perbillion if 
concentrator columns are used (168)* In its orthodox form, ion 
chromatography depends on conductometric detection, preceded by a 
"Supressor Column" to remove ions of the eluent, Qifhe supressor 
column can be eliminated if a suitable ion-selective detector is 
used (169). 
A new aspect of ion exchange is the wide spread use of paired -
ion chromatography, in which the stationary phase is hydrophobic 
packing and the mobile phase contains long chain, hydrophobic ions 
of opposite charge to the ions being separated. Paired - ion chroma-
tography, developed for organic ions, has now been used for inorganic 
species like halides, azide ions and oxy anions of nitrogen, sulphur, 
and the halogens (170). 
In order to understand the mechanism of an ion exchange 
process, it is important to have a study of its kinetics and thermo-
dynamics. Since inorganic ion exchangers possess a rigid matrix they 
do not swell appreciably and hence such studies are simpler to per-
form on them as compared to the organic resins which swell appreci-
ably. An ion exchange equilibrium may be described by 1^ o theoreti-
cal apprx>aches viz. (a) based on the law of maiss action, and (b) 
based on the Donnan theory. From the theoretical point of view the 
24 
Donnan theory has an advantage of permitting a more elegant 
interpretation of the thermodynamic behaviovtr in an ion-exchanger* 
However, from the practical point of view, the mass action approach 
is simpler. Many workers have studied the thermodynamics of cation 
exchange on zirconium (IV) phosphate (171-174) • Nancollas and 
Co-workers (17^,176) have interpreted the thermodynamical functions 
in terms of the binding nature between alkali metals and the ion 
exchanger matrix* The ion exchange equilibria of Li(I), Na(I) and 
K(I) on zirconium (IV) phosphate have also been studied by Larsen 
and Vissers (177) vdio calculated the equilibriiom constants and 
other thermodynamical parameters viz* A G , A H and A S^ « 
Similar studies have been made on anion exchangers also (178). 
Nachod and Wood (179) have made the first serious and 
detailed attempt on the kinetic studies of ion exchange* They have 
studied the reaction rate with xdiich ions from solutions are 
removed by the solid ion exchangers or conversely the rate with 
ndiich the exchangeable ions are released from the exchanger* Later 
on, Boyed et al* (180) have studied the kinetics of metal ions upon 
the resin beads and have given a clear understanding about the 
particle and film diffusion phenomena ndiich govern the ion exchange 
processes* The former is valid at higher concentrations while the 
latter at the lower ones* The kinetics of metsil ions on sulphonated 
polystyrene has been studied by Reichenberg (181) ^ o again confirm-
ed that at high concentrations the rate is independent of the in-
9^ 
going Ion (particle diffiision), while at low concentrations the 
reverse is true (film diffusion). According to Nancollas (182) 
who studied the kinetics of Na(l) - H(l) exchange on crystalline 
zirconium phosphate, the rate of exchange is initially fast and 
then becomes slow, Fuga and Kikindi (183) have studied the kinetics 
of ion exchange of alkali metals on zirconium antimonate in hydrogen 
form at 23°C and have found that the rate of reaction increases with 
the atomic number of the cation, Alberti et al, (184) have observed 
that the rate of exchange decreases from Ba(ll) to Sr(ll) and that 
it is particularly low for Mg(II) ion on zirconiuffl(lV) phosphate. 
Recently, costantino (183) has studied the self-diffusion of Na(l) 
and K(I) on microcrystals of Zr (NaP0^)2.3H20 and 2r (KP0^),3H20 
and has modified the Pick's equation to take into account the non-
uniformity of the particle size. The equation obtained has been 
employed in a study of the self-diffusion rate of Na(l) and K(I) 
in the above exchangers and the mobility data have been con^ared 
with the conductivity data available for the same ionic forms. 
The studies made so far in the field of inorganic ion 
exchangers point to the following interesting conclusions: 
1. They show in genersJ. a poor reproducibility in their behavio\ir. 
2. Their stability is not, generally very high. 
3. A very little effort has been made regarding their kinetic and 
thermodynamic studies, which are important to landerstand the 
mechanism of ion exahange. 
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4, The claim that they are highly stable irnder strong radiations 
and at elevated temperatures, appears to be an over emphesized 
one because only rare studies have actually been carried out 
in these directions supporting this view. 
In view of the above, the present study is aimed to 
synthesize antimony (V) silicate a new material possessing satis-
factory stability and crystalline nature and to understand the 
mechanism of ion exchange on its surface by applying the kinetic 
and thermodynamic approaches. Finally, its utility has been 
demonstrated by achieving some analytically important separations 
on its columns. 
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CHAPTER - II 
SYNTHESIS, ION EXCHANGE BEHAVIOUR AND STABILITY OF 
A CRYSTALLINE ANTIMONY(V) SILICATE CATION EXCHANGSR 
9 7 
A large number of inorganic materials possessing ion 
exchange properties have been synthesized and used for various 
separations of analytical and radiochemical inqportance (l-3)* 
They are of growing interest in relation to the treatment of 
contaminated water or coolant moderator in reactors working at 
high temperature and pressure (1), as it is generally believed 
and 
that they are resistant for heat/radiations • However, very few 
reports (5-8) have appeared in the literature confirming this 
belief. Zsinka et al, (9) have reported that a generalization 
about the resistance of inorganic ion exchangers against radia-
tions can not be made, and supported by Tandon etal* (10), 
Hydz*ous oxides of some quinique and sexivalent metals such 
as Nb, Ta, Sb(V), Mo(V), and W(VI) exhibit cation exchange proper-
ties(11)* Among them hydrous antimony(V) oxide (so called 
antimonic acid or polyantimonic acid) has been the most intensive-
ly studied, owing to its high exchange capacity, a reasonable rate 
of exchange and desorption, and high selectivities for certain 
elements. In 1923, Jander and Simon (12) reported that antimonic 
(V) acid adsorbed lithium ions from a dilute lithium sulphate 
solution, giving an amorphous mass of indefinite composition. In 
recent years Abe and Ito (13-15) and Lefebvre (16) have reported 
that the adsorption and desorption of potassium ions on antimonic 
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acid Is due to an ion exchange on Its surface* LefelfTve and 
Gaymard (17) have also reported that the adsorption of alkali and 
alkaline earth metals on antiinonic acid is governed by an ion 
exchange mechanism with a selectivity sequence in the order: 
Na(I) > K(I) > NH^CI) > Rb(I) > Cs(I) and 
Ba(II)> Sr(II) > Ca(II) > Mg(II). 
Baetsle et al« (18»19) have also reported that polyantimonic acid 
shows promise for Sr and "^  Cs recovery from acid reprocessing 
effluents. The adsorption properties of antimonic cation exchan-
gers depend on their preparative conditions, e.g., aging, drying 
conditions etc* Crystalline antiiiK>nic acid shows extremely high 
values of distribution coefficients for Na(I) (20), Sr(II) (21), 
Cd(II) (22), and Hg(II) (23). 
Silicates are known to form one of the most iinportant 
classes of the ion exchange materials as they are teioperature 
resistant and stable under chemical attack (24-27)• Antimony 
salts such as ZI»(IV), Ti(IV), and Sn(IV) antimonates (28-31) have 
received attention because of their reproducible ion exchange 
behaviour while the antimony-silicon cation exchangers have been 
prepared and studied by Nooikov and co-workers (32-36), However 
antimony(V) silicate has not received a proper attention as an 
ion exchanger. The present study is, therefore, aimed to pre-
pare a crystalline sample of this material and to perform a 
systematic study of its ion exchange behaviour. 
n 9 
EXPERIMENTAL 
Reaisents 
Antimony pentachloride used in this study was of n> 95^ 
purity obtained from KOCh-Light Laboratories Ltd, (Colnbrook, 
Bucks» England) and the sodium silicate was a Riedal (DEHAENAG, 
Seelze-Hannover) product* All other reagents and chemicals were 
of AnalaR grade. 
Apparatus 
pH-measiirements were made on an Elico (India) model LI-10 
ph meter while infrared studies were performed on a Beckmann 
IR-20 spectrophotometer. X-ray studies were made on a philips 
X-ray xmit using a Mo-Kd Target of wave length 0,7107A°, and the 
radioactivity was measured in a well type single channel counter 
of the Electronics corporation of India Ltd, using a Nal(Tl) 
detector, Thermogravimetric studies were performed on a Modem 
TGA balance of the Fertilizers corporation of India (Ltd,), A 
Bausch and Lomb Spectronic-20 colorimeter was used for the spec-
trophotometric studies. 
Preparation of the reagent solutions 
A stock solution (1.0M) of antimony penta chloride (SbClc) 
was prepared in a 4,0M HCl solution. Further dilutions to the 
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desired concentrations were also made by ^ HCl. Sodium silicate 
(NagSiO^.JHpO) was dissolved directly in demineralized water 
Synthesis of the ion exchange material 
Various sainples of antlmony(V) silicate (SbSi) were prepared 
by varying the concentration of the mixing solutions as given in 
Table-II and the pH of the resulting gel was fixed in the range 
0-1, by adding sodium hydroxide with constant stirring. The gel 
thus obtained was kept for 24 hours at room temperature (^ 3^0 C) and 
filtered by suction. The excess acid was removed by washing with 
DMIi/ and the material was dried in an air ov^i at 43 C« It was 
then cracked into small granules by putting in IMW, and the granu-
les so obtained were of the uniform size suitable for column opera-
tions. The particles of a uniform mesh size were obtained by seiv-
ing and were converted into the H* form by treating with 1M HNO, 
for 24 hours with occasional shaking, intermittently replacing the 
supernatant liquid with a fresh acid. The material thus obtained 
was finally washed to remove the excess acid and then dried at 
45*^ C. The exchanger beads are thus ready for further studies. On 
the basis of its apparent chemical stability, appearance aad Na ion 
exchange capacity, sanaple S-6 was selected for all the studies. 
The reproducibility was checked by preparing the sanrples several 
times following the same procedure. 
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TABLE - II 
SYNTHESIS OF VARIOUS SAMPLES OF ANTIMONy(V) SILICATE ASAi' 
ION EXCHANGE MATERIAL 
Sample 
No. 
S-1 
S-2 
S-3 
S-4 
S-5 
S-6 
Concentration of 
mixing solutions (M) 
C SbCl^+Na^SiOj.3H2O) 
0.5 
0.4 
0.3 
0.2 
0,1 
0.1 
Mixing ratio 
(Sb : Si) 
by volume 
1 • 1 
t • 1 
1 • 1 
1 • 1 
1 • 1 
2J1 
Na Ion exchange 
capacity 
(meq/g ) 
Unstable in 
solution 
1*6 
1.7 
1.5 
1.7 
1.6 
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Composition 
Antimony and silica present in the exchanger were deter-
mined by the following procedures: 
Determination of antimony 
230 mg of the powdered exchanger were fused with 4g NapCO-, 
suad transferred in a beaker containing 100 ml solution of AM HCl, 
Antimony was determined volumetrically in this solution with 
KBrO,, using methyl orange as an indicator (37). 
Determination of silica 
250 mg of the powdered exchanger were fused with r-> 4g of 
NapCO, in a platinum crucible and transferred in a H 75 ml solution 
of AM HCl in a beaker. The volume was reduced by evaporation and 
then subjected to the desication process. The undissociated silica 
was filtered through a whatman No. 5A0 paper and washed with 4M 
HCl. The filtrate was again subjected to the desication process» 
and the residue filtered and washed. The combined residue was 
ignited on a platinim crucible and weighed (38). 
The results are summarized in Table III. 
TABLE - III 
COMPOSITION OF ANTIMONY(V) SILICATE 
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SI. 
No. 
Weight of the 
exchanger 
Millimoles of the cootponents 
Antimony Silicon 
Mole 
ratio 
1. 250 0.56 1.68 1:3.00 
2. 250 0.65 2.00 1:3.07 
3. 250 0.66 2.01 1:3.04 
4 
Chemical stability 
The solubility of antimony(V) silicate in various 
solvents was determined as given belowt 
250 mg portions of the material were kept with 25 ml of 
the solvent for 24 hours at room teinperature with intermittent 
shaking. Antimony and silicon were determined quantitatively 
in the supernatant liquid as follows: 
(a) Determination of antimony 
To the 2 ml portion of the above solution were added 1.6 ml 
of 18N H^SO^ and 5 ml of KI reagent (I1.2g of KI + 2g of ascorbic 
acid in 100 ml water). The colour so developed was diluted to 
10 ml with water in a standard volumetric flask and the absorbance 
was measured after 2-3 minutes at 425 mM against a reagent blank 
(39). 
(b) Determination of silicon 
5 ml of the supematent liquid was mixed with 0.2 ml of IO96 
ammonium molybdate and 2 drops of 50% H^SO^^ solutions. The colour 
so developed was diluted to 10 ml with water in a standard volume-
tric flask, and the absorbance was measured immediately at 420 m;i 
against a reagent blank (40). Table IV summarizes the results. 
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TABLE-IV 
CHEKCCAL STABILITY OF ANTIMONy(V) SILICATE IN VARIOUS ACID, 
ALKALI AND SALT SOLUTIONS. 
Solvent 
(25 ml) 
1M HNO, 
2M HNO, 
4M HNO, 
1M HCl 
2M HCl 
4M HCl 
1M H^SO^ 
AM HgSO^ 
2M NaNO, 
2M KNOj 
0.05M NaOH 
0.1M NaOH 
0.1M KOH 
0.1M NH^OH 
0.5M NH^OH 
Amount dissolved 
Antimony 
0,65 
2.34 
2.95 
1.31 
1.40 
5.51 
1.68 
3.50 
0.00 
0.09 
4.58 
Dissolved appreciably 
Dissolved appreciably 
1.68 
4.44 
in mg 
Silicon 
0.00 
0.00 
0.07 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
1.55 
3.50 
Dissolved 
appreciably 
Dissolved 
appreciably 
3.15 
1.20 
Ion exchange capacity Ci.e.c.) 
The i«e.c. was determined as usual by the column process 
taking 1g of the exchanger (H form) in a glass tube of i.d.r-« 
1 cm, fitted with the glass wool at its bottom, and maintaining 
a very slow flow rate ( '--' 0,5 ml/giin,). The total volume of the 
eluant necessary for the coniplete elution of H ions was 250 ml. 
The effluent was titrated against a standard alkali solution to 
find out the total H ions eluted. Table V summarizes the values 
of i.e.c. for various metal ions. 
Effect of eluant concentration on the i.e.c. 
The extent of elution was found to depend upon the concen-
tration of the eluant. Hence a fixed volume (125 ml) of the NaNO, 
solution of varying concentrations was passed through the column 
containing 0,5g of the exchanger and the effluent was titrated 
against a standard alkali solution for the H* ions eluted out. 
Figure 1 shows the variation of the H* ions eluted out with the 
concentration of the eluant. 
Elution behaviour 
The coltimn containing 1 g of the material in H form was 
eluted with a 1M NaNO, solution having the standard flow rate and 
several 10 ml fractions of the effluent were collected and titrated 
for the H* ions released. The total volume was fixed as 250 ml. 
Figure 2 shows the elution behaviour of the exchanger. 
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TABLE-V 
ION EXCHANGE CAPACITY OF ANTIMQNY(V) SILICATE FOR VARIOUS 
METAL SOLUTIONS. 
Metal Solutions Ion exchange Capacity 
(meq / dry g ) 
LiCl 1,05 
NaNO^ 1,60 
KCl 1.49 
Mg(N0j)2 1.53 
Ca(N0^)2 1.10 
Sr(N02)2 1.59 
BaCl„ 1.61 
NH^NO, 0.8 
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pH titrations 
pH titrations were performed by the method of Topp and 
Pepper (41), 500 mg of the exchanger were placed in each of the 
several 250 ml conical flasks, followed by the equimolar solutions 
of alkali metal chlorides and their hydroxide in different voliime 
ratios, the final volume being 50 ml to maintain the ionic 
strength constant. The pH of the solution was recorded after 
equilibrium and was plotted against the milliequivalents of the 
OH" ions added as shown in Figure 3. 
Thermal stability 
Several 1 g portions bf the sample S-6 were heated at 
various temperatures in a muffle furnace for 1 hour each, and the 
i.e.c, was determined as above by the column process after cooling 
them to the room temperature. It was also determined after heat-
ing the material for 4 hours at 400° and 800°C, The results are 
shown in Table VI, 
Thermogravimetric analysis CTGA) 
It was done by an automatic thermobalance which recorded 
the weight loss on heating the material at a constant rate 
(10° C/min), Figure A- shows the percent weight loss occurred on 
heating the sample upto 600 C. 
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TABLE - VI 
ION EXCHANGE CAPACITY AND APPEARANCE OF ANTIMONy(V) SILICATE 
AFTER HEATING TO VARIOUS TEMPERATURES. 
Drying 
temperature 
in °C 
45 
ioo 
300 
AOO 
600 
800 
AOO 
800 
Time of 
heating 
1 hour 
1 hour 
1 hour 
1 hoixr 
1 hour 
1 hour 
4 hours 
4 hours 
Na -ion exchange 
capacity 
(meq/dry g) 
1,6 
1,52 
1.42 
1.25 
1.20 
0.72 
1.18 
0.34 
Appearance 
White 
White 
Yellowish 
white 
Yellowish 
white 
Dark yellow 
Yellowish 
white 
Yellowish 
white 
Yellowish 
white 
J3 
640 
T£MP£f^ATU«\t r c \ 
FIG. 4 THERMOGRAM OF ANTIMONY (V) SILICATE 
CATION EXCHANGER 
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IR Studies 
The IR spectra of antimony(V) silicate in H form were 
taken by the KBr Disc method as shovm in Figure 5, which also 
includes the IR spectra of the SbSi heated at 400°C for 1 hour 
and 4 hours, 
X-rav Studies 
Figure 6 gives the X-ray diffraction patterns of the SbSi 
samples obtained on heating to various temperatures. Table VII 
summarizes the results of these studies. The lattice constant 
(a) was determined by the formxila: 
.2/ V.2 . ,2 . , 2 
«2 _ X^(h^f k^ * X^) 
- T 
4 Sin e 
where A is the wave length of the incident beam and h,k,l are 
the plane indices. 
Radiation stability 
Antimony(V) silicate in H form was irradiated by the gamma 
60 
rays at a dose rate of 0.4M rads/hour using Co as a source and 
8 ft 
FeSOr as a dosimeter to give the total dose as 1 x10 , 2 x 1 0 and 
o 
3 X 10 rads. The changes in the various properties of the material 
are given in Table VIII, Figures 7, 8 and 9 illustrate the effect 
of gamma irradiation on the elution behaviour, pH-titrations and IR 
spectra of the material. A comparison of the irradiation effect on 
the ion exchange capacity of various inorganic ion exchangers with 
antimony(V) silicate is given in Figure 10. 
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TABLE - VIII 
EFFECT OF IRRADIATION ON CERTAIN PHYSICAL AND ION EXCHANGE 
PROPERTIES OF.ANTIMONYCV) SILICATE* 
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SI. 
No. Ion exchange property Observations 
1• Appearance 
2. Colour 
3. Grain size 
4. Brittleness 
5. Ion exchange capacity 
6. pH titration 
7. Elution behaviour 
8. IR spectrum 
No change 
No change 
No change 
No change 
No change 
No change 
Slight decrease 
in the elution 
rate. 
No significant 
change. 
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DISCUSSION 
AatiiQony(V) silicate (SbSl) prepared In these studies 
shows a cation exchange capacity con5)arable with other n»aterlals 
of this class and Illustrates a high reproducibility in its ion 
exchange behaviour. It shows a high chemical, thermal and racjSlar 
tlon stability. As it is clear from Figure 11 antimony(V) sili-
cate retains ^ 759^  of its i.e.c. even on heating upto 600 C for 
an hoiir, which is coiqparable with other inorganic ion exchangers 
such as zirconium arsenophosphatei titanium arsenophosphate (26) 
and cerium phosphoslllcate (27) prepared earlier when the material 
was heated to various temperatures (45 to 800 C), it was observed 
that a heating upto 400 C does not alter its ion exchange capacity 
(Table VI), It is a peculiar and unusual behavioxir of this 
material*. 
The elutlon studies indicate that the exchange is quite fast 
and almost all the H ions are leached out of the column within 
the first 50 ml of the effluent (Figure 2). Moreover, the exchange 
takes place in one step as indicated by the pH titration curve 
(Figure 3). 
The irradiation studies reveal that the material is highly 
resistant to gamma radiations (Table VIII), Organic resins under-
go r-* ^5% loss in their l,e.c, on such a treatment (7), pH titra-
G4 
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FIG. U PERCENT RETENTION IN THE ION 
EXCHANGE CAPACITY OF ANTIMONY ( v ) 
SILICATE AND ITS COMPARISON WITH 
SOME INORGANIC ION EXCHANGERS 
ON HEATING 
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tion curves (Figure 8) and IR spectra (Figure 9) do not indicate 
any significant structural changes after irradiation even upto 
Q 
the total dose of 3 x 10 rads. 
The IR spectra (Figure 5) show several peaks at r^ 450, 
.-I 
H 750, /-'1050, .-'1600 and r-* 3300 cm • The peaks observed at 
r-* 450 and <-> 750 cm are indicative of the metal-oxygen stretch-
ing vibrations while those appeared at «-• 1050 are due to the 
presence of silicate (42). The presence of water of crystalli-
zation is indicated by the peaks at r-* 1600 and /-' 300 cm • The 
peaks at r-* 1600 cm are also indicative of the strongly hydrogen 
bonded OH or extremely strongly coordinated H^O, On heating the 
o —1 
exchanger upto 400 C for 4 hoiors the peaks at r-* 1600 cm are 
broadened and become less intensive probably because of the 
removal of the interstitial water molecules from the structure. 
The X-ray diffraction pattern (Figure 6) reveals that the 
material is crystalline. The nature of crystallinity does not 
change significantly (such as signal position and width of the 
peaks) even after heating the exchanger to 400 C for 4 hours. 
As it is clear from Table VII the crystals of antimony(Y) silicate 
belong to the body centered cubic (bcc) system (43,44). The 
elementary cells of this material has an average lattice constant 
a » 8.543 A°, 
00 
The thermogravimetric analysis (Figure 4) shows the first 
inflection at *-» 280°C for the material corresponding to a 20% 
weight loss, which may be due to the removal of all the exchange-
able water molecules from the gel. A f\irther loss in weight 
above 280 C may be due to the condensation process which is pro-
bably completed upto 400°C beyond which the oxides of antimony and 
silicon are formed. An exhibition of the i.e.c. of the material 
even after heating to this temperatiore may be accounted for by 
the formation of antimonic acid when the oxide is dipped in 
aqueous solution. 
On the basis of its chemical composition ph titration, 
IR spectra and TGA results, the antimony(V) silicate prepared in 
these studies, may be tentatively assigned the following fo]rmula: 
[Sb205 (H^SiOj)^] nHgO 
If it is assumed that all the exchangeable water molecules are 
removed on heating upto H 280 C, the first inflection in the 
TGA cxiTve, the value of 'n' the external water molecxiles, can be 
calculated using Alberti's equation (45): 
18 n = i^^^* IS^) 
100 
where, X is the % weight loss (20%) in the exchanger on heating 
G7 
upto the inflection temperatiire. 
M s molecular weight of the material minus 
the external water molecules. 
The above equation then gives the external water 
molecules per molecule of antimony^V) silicate, as r-* 11. 
G3 
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CHAPTER - III 
ION EXCHANGE KINETICS OF SOME DIVALENT METAL IONS ON 
ANTIMONY(V) SILICATE AND ANTIMONIC ACID CATION EXCHANGERS 
71 
Inorganic materials possessing Ion exchange propez*tles are 
well known for their metal Ion selectivity (1), Since the kinetic 
studies of a reaction help In understanding the mechanism. It Is 
worthvflille to conduct such a study on an Ion exchanger* It will 
evaluate Its separation potential. Earlier studies made In this 
direction (2-12) were based on the old Bt criterion (13) which 
should he useful only for an Isotoplc exchange process. In a true 
Ion exchange phenomenon, however, different mohllltles (14) of the 
exchanging Ions are Involved and hence for such a case Nemst-
Planck equations (^5,^6) are more appropriate to obtain the precise 
values of the various kinetic parameters (17-19). Antlmony(V) 
silicate has shovna (20) a crystalline nature and promising Ion 
exchange characteristics as described In Chapter II. 
In view of this, the present chapter summarizes an effort to 
study the Ion exchange kinetics on antimony(V) silicate and 
antlmonlc acid cation exchangers for the exchange of some divalent 
metal Ions such as alkaline earths and transition metals. 
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EXPERIMENTAL 
Reagents and chemicals 
Antimony pentachloride (SbClc) used in this study was a 
product of Kochlight Laboratories Ltd, (Colonbrook Bucks, England) 
and sodium silicate (Na2SiO,.3H20) was a Riedal (DEHAEKAG, Seelze 
Hannover) product. All other reagents and chemicals were either of 
BDH or AnalaR grade. 
Apparatus 
A water hath incubator shaker having a temperature variation 
of j; O.^^C was used for the equilibrium studies. 
Synthesis of the Ion Exchange Materials 
Synthesis of antimony(Y) silicate (SbSi) 
The material was synthesized by the method as described in 
Chapter II. 
Synthesis of antimonic acid (SbOH) 
A 0.1M solution of antimony(V) chloride was hydrolyzed (21), 
and the precipitate was kept in the mother liquor for 6 days at rooil 
tenperature ir-'30 C) before filtering, washing, drying, cracking 
and converting into the H*^  form as usual. Its Na*** ion excliange 
capacity was found to be 1.9 meq/dry g. 
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Kinetic Measurements 
The rates of exchange were determined by the limited bath 
technique (5) as follows: 
The ion exchangers were ground and then sieved to obtain 
particles of different mesh sizes (25-50, 50-70, 70-100 and 
100-150) • The particles of mean radii r-* 125 >ua (50-70 mesh) 
were used for determining the various parameters.20 ml fractions 
of the metal ion solutions of a constant ionic strength 
(2 X lO"^) were shaken with the exchanger beads (0.2g) in a 
temperature controlled shaker at various temperatures (25 , 33 , 
50 and 65 C) in several glass stoppered conical flasks for 
different time intervals* The supernatant liquid was removed 
immediately for its quantitative analysis. 
The fractional attainment of equilibrium 11(7* ) was 
calculated by the equations 
11(7' \ a the amount of exchange at time *t* ^ /^ x 
the amount of exchange at infinite ' * * 
time 
and the corresponding 'j' values were csG.culated by solving the 
Nemst-Planck equations (15,16), The T* values for alkaline 
earth and transition metal ions on SbSi and SbOH are given in 
Tables IX and X at four different temperatures. 
n i 
TABLE - IX 
T" VALUES FOR ALKALINE EARTH -H ( I) EXCHANGES ON ANTIMQNY(V) 
SILICATE AND ANTIMQNIC ACID CATION EXCHANGERS AT DIFFERENT 
TEMPERATURES AFTER VARIOUS TIME INTERVALS 
Mg(II) - H(I) EKChange 
Time 
(min) 
0,5 
1.0 
2.0 
3.0 
4.0 
6*5 
1.0 
1.5 
2.0 
2.5 
25°C 
0.030 
0.055 
0.100 
0.150 
0.200 
0.030 
0.060 
0.090 
0.125 
0.145 
't Values 
33°C 
at 
AntimonvCV} 
0.030 
0.065 
0.130 
0.190 
0.250 
50°C 
Silicate 
0.055 
0.090 
0.175 
0.260 
0.340 
Atlmonlc Acid 
0.040 
0.080 
0.120 
0.140 
0.180 
0.055 
0.095 
0.150 
0.180 
0.230 
65°C 
0.060 
0.110 
0.230 
0.330 
0.440 
0.060 
0.120 
0.170 
0.230 
0.300 
7: 
TABLE - IX (Contd.) 
Ca(ll) - H(I) Exchange 
Time 
(min) 
0.5 
1.0 
2.0 
3.0 
4.0 
25°C 
0.010 
0.020 
0.045 
0.065 
0.085 
T' Values 
33°C 
AntimonvCV) 
0.015 
0.030 
0.055 
0.075 
0.100 
at 
50°C 
Silicate 
0.018 
0.030 
0.060 
0.095 
0.120 
65°C 
0.015 
0.040 
0.080 
0.095 
0.150 
Antimonic Acid 
0.5 
1.0 
1.5 
2.0 
2.5 
0.035 
0.060 
0.080 
0.105 
0.130 
0.040 
0.070 
0.095 
0.120 
0.155 
0.050 
0.085 
0.110 
0.140 
0.170 
0.055 
0.090 
0.130 
0.170 
0.210 
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TABLE - IX (Contd.) 
Sr(II) - H(I) Exchange 
Time 
(min) 
0 . 5 
1.0 
2 ,0 
3 . 0 
4 . 0 
25^*0 
0.010 
0.025 
0.040 
0.065 
0.080 
r VsLLues 
•5f0 
a t 
50°C 
Antimony(V) S i l i c a t e 
0.020 
0.035 
0.060 
0.080 
0.115 
0.020 
0.040 
0.065 
0.085 
0.120 
65°C 
0.025 
0.050 
0.085 
0.095 
0.140 
Antimonic Acid 
0 .5 
1.0 
1.5 
2 .0 
2 .5 
0.025 
0.045 
0.060 
0.085 
0.100 
0.030 
0.050 
0.070 
0.095 
0.110 
0.035 
0.060 
0.080 
0.105 
0,130 
0,040 
0,075 
0.105 
0.140 
0.170 
7? 
TABLE - IX (Contd.) 
Ba( l l ) - H(I) Exchange 
Time 
(fflln) 
0.5 
1.0 
2.0 
3.0 
4.0 
0.5 
1.0 
1.5 
2.0 
2.5 
25°C 
0.020 
0.040 
0.070 
0.095 
0.120 
0.030 
0.050 
0.075 
0.095 
0.125 
'Y Values at 
33°C 
AntimonvCV) ; 
0.020 
0.050 
0.075 
0.110 
0.135 
Antiiaonic 
0.035 
0.060 
0.090 
0.120 
0.140 
50°C 
Silicate 
0.030 
0.060 
0.090 
0.150 
0.200 
Acid 
0.040 
0.080 
0.100 
0.140 
0.160 
' .•"'•\J't^*' 
65°C 
0.018 
0.060 
0.105 
0.170 
0.225 
0.050 
0.100 
0.120 
0.160 
0.190 
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TABLE - X 
TVALUES FOR TRANSITI(»J METAL -H(I) EXCHANGES OH ANTIMONy(V) 
SILICATE AND ANTIMONIC ACID CATION EXCHANGERS AT DIFFERENT 
TEMPERATURES AFTER VARIOUS TIME INTERVALS 
Mn(II) - H(I) Exchange 
l' Values at 
Time 
(min) 25°C 33°C 50°C Ss'^ C 
Antimony(Y) Silicate 
0,5 0,020 0.025 0.040 0.050 
1,0 0.035 0.045 0.060 0.085 
2.0 0.065 0.095 0.120 0.145 
3.0 0.090 0.145 0,150 0.200 
4.0 0.013 0.190 0.235 0.285 
Antimonlc Acid 
0 . 5 
1.0 
1.5 
2 .0 
2 .5 
0.015 
0.030 
0.055 
0.090 
0.115 
0.020 
0.035 
0.075 
0.095 
0.140 
0.025 
0.045 
0.100 
0,135 
0,180 
0.030 
0,060 
0,095 
0.145 
0.185 
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TABLE - X (Contd.) 
Fe(II) - H(I) Exchange 
Time 
(mJLn) 
0.5 
1.0 
2.0 
3.0 
4.0 
25*^ 0 
0.015 
0.030 
0.055 
0.090 
0.115 
T Values 
33°C 
at 
50*^ 0 
Antimonv(V) Silicate 
0.020 
0.035 
0.075 
0.095 
0.140 
0.025 
0.045 
0.100 
0.135 
0.180 
65°C 
0.030 
0.060 
0.095 
0.145 
0.185 
Antimonlc Acid 
0.5 
1.0 
1.5 
2.0 
2.5 
0.025 
0.048 
0.070 
0.090 
0.115 
0.035 
0.060 
0.090 
0.110 
0.140 
0.040 
0.070 
0.110 
0.140 
0.175 
0.050 
0.090 
0.125 
0.175 
0.210 
80 
TABLE -
Time 
(mln) 
0.5 
1.0 
2.0 
3.0 
4.0 
0.5 
1.0 
1.5 
2.0 
2.5 
« X (Contd.) 
25°C 
0.015 
0.025 
0.050 
0.075 
0.012 
0.035 
0.060 
0.080 
0.110 
0.130 
CoClI) - H(I) Exchange 
T" Values at 
33°C 50°C 
AntimonvCV) Silicate 
0.025 
0.045 
0.075 
0.125 
0.165 
Antimonlc Acid 
0.035 
0.065 
0.100 
0.130 
0.150 
0.030 
0.075 
0.115 
0.210 
0.250 
0.050 
0,080 
0.110 
0.160 
0.195 
65°C 
0.045 
0.085 
0.150 
0.230 
0.315 
0.050 
0.100 
0.150 
0.200 
0.240 
oi 
TABLE -
Time 
(mln) 
0.5 
1.0 
2.0 
3.0 
A.O 
X (Contd.) 
25°C 
0.015 
0.030 
0.050 
0.070 
0.095 
Ni(ll) - H(I) Exchange 
T Values at 
33°C 50°C 
Antimony(V) Silicate 
0.020 0.025 
0.040 0.045 
0.070 0.080 
0.100 0.130 
0.130 0,170 
65*^ 0 
0.030 
0.055 
0.095 
0.140 
0.195 
Antimonic Acid 
0.5 
1.0 
1.5 
2.0 
2.5 
0.030 
0.055 
0.075 
0.090 
0.115 
0.035 
0.065 
0.090 
0.120 
0.150 
0.040 
0.080 
0.115 
0.150 
0.195 
0.055 
0.095 
0.140 
0.180 
0,240 
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DISCUSSION 
A study of the concentration effect on the rate of 
exchange at 33 C shows that the initial rate of exchange is 
proportional to the metal ion concentration in the range less 
•2 
than 2 x 10 N , while it is independent at and above this concen-
tration suggesting a particle diffusion phenomenon. In this 
respect both these ion exchangers (SbSi and SbOH) are similar to 
the materials of this class (17-19). 
Although this is a limited bath system, the equation 
applicable to an infinite bath can be used here because C V » ^V 
where C and Tf are the metal ion concentrations in the solution 
and exchanger phases respectively, V and T are the volumes of 
these two phases. The Nemst-Planck equations can be solved with 
some additional assumptions (22), ^ Aiich are vsuLid for inorganic 
ion exchangers as the swelling changes and the specific inter-
actions are not significant in this case. As a result, we obtain 
a coupled interdiffusion coefficient D ^ , the value of which 
depends on the relative conc^itrations of the counter ions A and B 
in the exchanger phase ( C. and T!^). For ^j^« ^ the interdiffu-
sion coeffici^it assumes the value D. . The counter ion A being 
initially present in the ion exchanger phase. In the present 
study since the exchanger is taken in H*** form, D^ may be replaced 
by Dy . 
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Thus on the basis of the Nemst-Planck equations the 
numerical resxalts are expressed by the expl ic i t approximation 
(23), 
U ( T ) . | l - e x p [7S^(f^(^)T + f2 («^) r^ + f 3 ( ^ ) r ^ ) ] -^ . . . . ( 2 ) 
Where T « • " i? 
and the mobility ratio o< » -=«- , ro • particle radius and ^ M 
is the interdiffusion coefficient of the metal ion. Under the 
conditions 1 ^  o< ^  20 and the charge ratio Zg / Z^ - i as in the 
present case, the three functions f-(o< ) , t^^ («< ) and f^ (o< ) 
can be expressed ass 
^ 0.64 + 0.36c<°-^^ 
f2(^) ^- : Cb) 
0.96 - 2.0 o< 0.4635 
and f ( o< ) - - (c) 
0.27 + 0.09 o<^*^ 
Each value of U( T* ) will have a corresponding value of T* which 
is obtained on solving equation no. 2. 
84 
The plots of T* versus time at the four different tesipera-
tares (Figures 12 to 15) for alkaline eairth and transition metal 
ions on SbSi and ShOH are shown at a concentration 0*02N \i«hich 
are straight lines passing through the origin* It confirms a 
particle diffusion controlled phenomenon* The results are summa-
rized in Tahles IX and X for all the M(II) - H(I) exchanges on 
these materials* 
The particle size of the exchanger has a marked effect 
on the rate of exchange* A plot of T* versus time for four 
particle sizes of the exchangers shows that the rate of exchange 
is inversely proportional to the square of the particle radius, 
which is in agreement with the fundamental condition of the parti* 
cle diffusion (Figures 16 and 17)* Tables XI and XII summarize 
the results for Hg(II)-H(I) and M(II)-H(I) exchanges on both 
these exchangers* 
The slopes (S) of various "T versus time plots for all 
the metal ions on SbSi and SbOH are given in Tables XIII and XIV. 
They are related with ^ u as follows: 
^ - (3) 
ro 
The S values are different for the different particle 
radii of the exchangers as observed for Hg(II} and Hn(II} ions at 
od 
O 1 
33 C, plotted against 1 as shovn in Figures 18 and 19* These 
r 
figures show tliat the rate of exchange in antimonic acid is faster 
than antifflony(V) silicate* 
The plots of -log "Ur, versus 1/T are straight lines as 
shovm in Figures 20 and 21, verifying the Arrh^iius relation: 
Djj - D^e3cp^-V^^> CM 
D is obtained by extrapolating these lines and observing the 
intercepts at the origin. The activation energy (£_) is then 
calculated with the help of the equation no. 4 putting the value 
of Dg at 273°K. Finally, the entropy of activation (AS ) is 
calculated by the equation: 
D^ - 2.72 d^ - ^ exp ( A S * / R ) ••• (6) 
where d is the ionic Juorp distance (24) taken as 5A , k is the 
Boltzmann constant and h is the planck*s constant. T is taken 
as 273*'k. The values of D„, E„ and A S for SbSi and SbOH are 
O SI 
summarized in Tables XV and XVI. The results show that there is 
no definite relation between ionic radii of the metal ions and 
the values of E and A S . Negative ^ S values indicate that 
the behaviour of SbSi and SbOH is similar to that of Zr(IV) and 
Th(IV) phosphosilicate (18) for transition metal ions. The value 
of A S Is mayjmm for Ca(II) ion on antliaony(V) silicate while 
it is maximum for Ba(II) ion on antimonic acid. In case of the 
transition metal ions the value of A S is maximum for Fe(II) 
in both these exchangers, E., values for Ca(ll)» Sr(II) and Ba(II) 
are similar, to some extent on both the exchangers. However, it 
is appreciably greater for the Mg(II) ion. In case of the tran-
sition metals, the values are widely different on SbSi while they 
are almost similar on SbOH, 
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TABLE - XI 
T'VALUES FOR THE Mg(II) - H(I) EXCHANGE AT 33 + 0.5°C ON 
ANTIMC»IY(V) SILICATE AND ANTIMONIC ACID CATION EXCHANGERS 
OF VARIOUS PARTICLE SIZES 
Mg(II) - H(I) Exchange 
Time 
(min) 
0.5 
1.0 
2.0 
3.0 
4.0* 
0.5 
1.0 
1.5 
2.0 
2.5 
T Values 
225 )im 
0.030 
0.055 
0.105 
0.160 
0.210 
0.015 
0.055 
0.080 
0.100 
0.120 
for the particle sizes 
125 ym 
Antimonv(V) 
0.030 
0.065 
0.130 
0.190 
0.250 
Antimonic 
O.OAO 
0.065 
0.100 
0.130 
0.150 
78.6 }m 
Silicate 
0.045 
0.080 
0.155 
0.225 
0.320 
Acid 
0.045 
0.075 
0,110 
0.140 
0.170 
62.5 jam 
0.050 
0.090 
0.170 
0.275 
0.350 
0.050 
0.095 
0.130 
0.175 
0.200 
TABLE - XII 
q^VALUES FOR THE ffti(II) - H(I) EXCHANGE AT 33 + 0.5°C ON 
ANTIMONY(V) SILICATE AND ANTIMQNIC ACID CATION EXCHANGERS 
OF VARIOUS PARTICLE SIZES 
Mn(Il) - H(I} Exchange 
Time 
(mln) 
0.5 
1.0 
2.0 
3.0 
4.0 
0.5 
1.0 
1.5 
2.0 
2.5 
r 
225 m 
0.025 
O.OAO 
0.080 
0.115 
0.150 
0.030 
0.055 
0.080 
0.120 
0.145 
Values for the particle sizes 
125 )m 
Antlmonv(V) Silicate 
0.025 
0.045 
0.095 
0.145 
0.190 
Antifflonlc Acid 
0.040 
0.080 
0,120 
0.140 
0.180 
78.6 jum 
0.035 
0.060 
0.110 
0.165 
0.215 
0.045 
0.085 
0.125 
0.170 
0.215 
62.5 pm 
0.045 
0.070 
0.120 
0.185 
0.250 
0,050 
0.100 
0.145 
0.200 
0.245 
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CHAPTER - IV 
THHWIODYNAMICS OF Mg(ll), Ca(Il), Sr(ll) AND Ba(II) EXCHANGES 
ON ANTIMONY(V) SILICATE CATION EXCHANGER 
1 . 1~» 
Inorganic Ion exchangers have received siifficient attention 
as a separating medi\im for metal ions* Although a large niimber of 
such materials have been synthesized earlier (1), only a few of 
them have been studied thoroughly for their ion exchange behaviour 
on the basis of a fundamental approach such as thermodynamics. 
This approach is more appropriate for describing equilibria of a 
system consisting of an ion exchanger and an aqueous solution con-
taining the exchangeable ions* Such studies have been performed on 
the crystalline and amorphous zirconium phosphate (2-9)* crystalline 
titanium phosphate (10) * amorphous cerium phosphate (11)» antimony 
phosphate (12), titanixim and vanadium oxide (13) t tindioxide (14), 
manganese and nickel tungstate (1^), zirconium arsenate (16), 
tantalum arsenate (17)> iron antimonate (18) and crystalline anti-
monic acid (19). The present chapter summarizes a detailed and 
systematic thermodynamic study for the Mg(II)-H(l), Ca(ll)- H(I), 
Sr(II)-H(I) and Ba(II)-H(I) exchanges on antimony(V) silicate 
cation exchanger in order to have an understanding of the exchange 
process occurring on this material* 
106 
EXPERIMENTAL 
Reagents and chemicals 
Antimony(V) chloride (ShClc) used in this study was a 
product of Kochlight Laboratories Ltd, (Colnbrook Bucks, England) 
and sodium silicate (Na2SiO,.3H20) was a riedal (DEHA£1{AG, Seelze 
Hannover) product. Other reagents and chemicals were either of 
BDH or AnalaR grade. 
Apparatus 
A water bath incubator shaker having a temperature variation 
of + 0«5^C was used for the equilibriiim studies. 
Synthesis of antimony(V) silicate (SbSi) 
The ion exchange material was synthesized by the process as 
described in Qiapter II. 
Equiliby^mn experiments 
Two hundred milligrams of the exchanger in H form were 
shaken for 3 hours in various stoppered conical flasks at a desired 
temperatiore (25°C or 50°C), with 20 ml solution of the metal ion 
having a constant ionic strength (0.03M) adousted by adding the 
appropriate amounts of HNO^. The shaking time of 3 hours was 
selected because the equilibritim was attained within this period as 
Iu7 
Indicated In Figures 22 and 23* The supernatant solution was 
analysed for the metal and hydrogen ions by the ordinary chemical 
methods* 
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DISCUSSION 
The exchange reaction between SbSl in H'*' form and the metal 
ions in solution can be represented by the equation: 
2H SbSi + M(II) ^ = ^ M(SbSi)2 + 2H(I) (1) 
where M(II) represents the metal ions (Mg(II), Ca(ll), Sr^II) and 
Ba(II) ions). 
It is clear from Figure 22 that the equilibrium has been 
attained within 3 hours for the Mg(II)-H(I) exchange. However, for 
the Ca(II)- H(I), Sr(II)-H(I), and Ba(II)-H(I) exchanges 
(Figure 23) the result is obtained only after one hour shaking. The 
interactions may be described as follows: 
"^H^Cj^^^^^S^+Si 2^) 
where the barred and unbarred quantities represents the equivalent 
concentrations in the exchanger and solution phases respectively. 
The equivalent ionic fractions of the counter ions in the 
exchanger and solution £)hases "Xy,, }^, X^ euad X^ were calculated by 
the expressions: 
M c ^ C ^ C ^ C 
where C~and C are the total electrolyte concentrations in the solid 
aind solution phases respectively. 
I l l 
To examine the affinity for the interacting ions, the 
separation factors were calculated by the following equation: 
M \ ^ 
H ^H ^ 
The selectivity coefficients were calculated (20) by the 
following expression, assuming the ratio of activity coefficients 
in the solution to be unity (21), Under these conditions K ceases 
c 
to express interactions in solution. 
K^  . 3 L _L!Hi! (4) 
where m» and ^  are the molalities of the metal ions in the solution 
and exchanger phases respectively, m^r and IC, are the molalities of 
H(I) ions in these two phases. The values obtained at 23^ and 30 C 
are summarized in Tables XVII to XX, while Figures 24 and 23 show 
the exchange isotherms. It is clear from Figure 24 that in the 
Mg(ll) - H(I) exchange the material has a preference for H(I) ions 
at both the temperatxires over the entire range of concentrations 
studied. However, in case of the Ca(ll)- H(I) and Sr(II)-HCl) 
exchanges the reverse is true i.e. Ca(II) and SrClI) ions are 
adsorbed preferably by the SbSi phase at all the concentrations, azid 
the preference being higher at a higher teatperature i.e. at 30 C. 
TABLE - XVII 
EQUIVALEKT IONIC FRACTIONS, SEPARATION FACTORS, MOLALITIES 
AND SELECTIVITY COEFFICIENTS FOR THE Mg(II)- H(I) EXCHANGE 
ON ANTIMONY(V) SILICATE CATION EXCHANGER 
li2 
IJ: ^ °^ ^  ^ v % ht'^i '^^ ^ c i^ s^ c 
'H 
At 25°C 
1. 0.10 0.05 0.20 0.10 0.88 0,43 0.25 0.12 -0.92 
2. 0.12 0.06 0.25 0.13 0.84 0.31 0.18 0.07 -1.18 
3. 0.13 0.07 0.32 0.16 0.83 0.27 0.13 0.04 -1.38 
4. 0.17 0.08 0.45 0.23 0.80 0.24 0.11 0.03 -1.48 
5. 0.19 0.09 0.46 0.23 0.78 0.22 0.12 0.03 -1.51 
6. 0.20 0.10 0.57 0.29 0.76 0.19 0.09 0.02 -1.68 
7. 0.22 0.11 0.65 0.31 0.76 0.17 0.08 0.02 -1.72 
8. 0.27 0.14 0.73 0.32 0.74 0.05 0.03 0.00 -2.72 
9. 0.34 0.17 0.78 0.34 0.72 0.05 0.03 0.01 -2.62 
10. 0.50 0.25 0.85 0.36 0.50 0.05 0.06 0.01 -2.21 
11. 0.74 0.37 0.95 0.41 0.26 0.03 0.09 0.01 -1.92 
12. 0.81 0.40 0.97 0.34 0.19 0.03 0.12 0.03 -1.5? 
I i3 
TABLE-XVII (Contd . ) 
IJ: ^ '^ ^ °^ v ^ ^'°^ ^^ c^ i^ s^ c 
At 50^C 
1. 0,09 0,05 0,13 0,06 0.86 0,49 0,41 0,22 -0,65 
2. 0.14 0,07 0.25 0.13 0.84 0.41 0.26 0.12 -0.91 
3 . 0.16 0.08 0.38 0,19 0,83 0,31 0.16 0,06 -1,22 
4. 0,17 0,09 0,51 0,26 0.52 0.28 0.12 0,04 -1,42 
5. 0,20 0,10 0,59 0,30 0.81 0,25 0,10 0.03 -1.52 
6. 0,21 0,11 0,66 0,34 0,80 0,22 0,09 0,02 -1,63 
7. 0,25 0,12 0,69 0,31 0,80 0.20 0,09 0,03 -1.60 
8. 0.29 0,15 0,73 0,32 0,75 0,06 0.03 0.003 -2.56 
9. 0.35 0.18 0.78 0.34 0.71 0.05 0.03 0.0(S -2.51 
10. 0.45 0,23 0.82 0,35 0,68 0,05 0.04 0.004 -2.4l 
11. 0.76 0.38 * 0,95 0,39 0,24 0.03 0,11 0.02 -1.77 
12. 0.82 0.41 0.97 0.33 0.18 0.03 0.15 0.04 -1,43 
1x4 
TABLE - XVIII 
EQUIVALENT IONIC FRACTIONS, SEPAEUTION FACTORS, MOLELITIES 
AND SELECTIVITY COEFFICIENTS FOR THE Ca(ll) - H(I) EXCHANGE 
ON ANTIMONY(V) SILICATE CATION EXCHANGER 
11'^ ^Ca \e. \a *Ca V ^ ^'"^ ^H ^^ ^""^ ^^ 
At 25^C 
1. 0,15 0.08 0.02 0,01 0.71 0,94 13.34 14.11 1.15 
2. 0.25 0.13 0.03 0.01 0.64 0.94 14.84 20.09 1.30 
3. 0.41 0.20 0.04 0.02 0.48 0.87 21.34 37.5^ 1.57 
4. 0.55 0.28 0.06 0.03 0.39 0.79 19.93 39.87 1.60 
5. 0.67 0,33 0,13 0.06 0,38 0.75 10,60 21,14 1,33 
6. 0,72 0,36 0,25 0,13 0.35 0,71 5.77 11,68 1,07 
7. 0,74 0,37 0,35 0,18 0.32 0,66 4,41 9.20 0,96 
8. 0,74 0,37 0,45 0,23 0,29 0,66 3,81 8,66 0,94 
9. 0,75 0,38 0,60 0,31 0.26 0.51 2.42 4.54 0.66 
10, 0.76 0.38 0.70 0,37 0,23 0,13 0,62 0.34 -0,46 
11, 0,79 0,39 0,75 0,38 0,23 0,13 0.61 0,34 -0,47 
12, 0,84 0.42 0,82 0,42 0,17 0,13 0,78 0,58 -0,24 
TABLE-XVIII (Contd.) 
1 ±J 
^l' ^Ca "^ Ca ^Ca °ta V ° H V ^ (X„ No* H 
Ca K' l og K, 
At 50°C 
1 . 0 .29 0 .15 0.01 0.01 0.71 0.99 40 .93 56.33 1.75 
2 . 0 .42 0.21 0.01 0 .01 0 .58 0.99 71 .14 118.99 2.08 
3 . 0 .50 0 .25 0 .02 0.01 0 .44 
4 . 0 .66 0 .33 0 .04 0 .02 0.41 
0.99 55.48 122.78 2.01 
0.98 45.26 110.01 2.04 
5. 0.70 0.35 0.05 0.02 0.30 0.95 45.19 148.12 2.17 
6. 0.74 0.37 0.11 0.05 0.26 0.89 22.58 77.84 1.89 
7. 0.77 0.38 0.26 0.13 0.24 
8. 0.78 0.39 0.45 0.23 0.22 
9. 0.80 0.40 0.62 0.31 0.20 
10. 0.82 0.41 0.74 0.37 0,16 
0.82 10.23 35.76 1.55 
0.74 5.95 20.17 1.30 
0.66 4.16 13.28 1.12 
0.18 1.24 1.35 0.13 
11 . 0.84 0.42 0.80 0.41 0.13 0.16 1.35 1.81 0.26 
12. 0.86 0.43 0.84 0.43 0.08 0.15 1.83 3.19 0.50 
1x6 
TABLE - XIX 
EQUIVALENT IONIC FRACTIONS, SEPARATION FACTORS. MOLALITIES 
AND SELECTIVITY COEFFICIENTS FOR THE Sr(II) - H(I) EXCHANGE 
ON ANTIMONY(V) SILICATE CATION EXCHANGER 
— SP 
IJ; ^Sr °^ r ^Sr ^Sr ^H^"^ % = ^ <^^ ^c ^^^ ^ c 
At 25°C 
1. 0.27 0.13 0.01 0.005 0.73 0.99 36.62 47.82 1.68 
2. 0.40 0.20 0.02 0.01 0.60 0.98 32.67 53.36 1.73 
3 . 0.48 0.24 0.04 0.02 0.52 0.96 22.15 40.90 1.61 
4. 0.54 0.27 0.26 0.09 0.46 0.74 3.34 7.76 0.89 
5. 0.59 0.29 0.14 0.05 0.4l 0.86 8^84 25.52 1.41 
6. 0.61 0.30 0.20 0.07 0.39 0.8|> 6.26 7.81 0.89 
7. 0.67 0.33 0.39 0.14 0.33 0.61 3.18 8.05 0.91 
8. 0.74 0.37 0.55 0.20 0.26 0.45 2.33 5.54 0.74 
9. 0.78 0.39 0.68 0.25 0.22 0.32 1.67 3.30 0.52 
10. 0.81 0.40 0.73 0.27 0.19 0,27 1.58 2.99 0.48 
11. 0.92 0.46 0.79 0.29 0.08 0.20 2.91 9.91 1.00 
12. 0.95 0.47 0.83 0.30 0.05 0.17 3.89 18.11 1.26 
1x7 
TABLE-XIX (Contd . ) 
^J; . hr ^ r ^Sr '^ Sr V ° ^ =^"»H "^^ h ^°S ^c 
At 50°C 
1. 0,28 0.14 0.01 0,005 0.72 1.00 38.87 54.01 1.75 
2. 0.41 0.20 0.02 0.01 0.59 0.98 34.05 55.18 1.74 
3 . 0.51 0.25 0.03 0.015 0.49 0.97 33.65 65.31 1.82 
4 . 0.61 0.30 0.12 0.05 0.39 0.88 11.47 30.55 1.48 
5 . 0.68 0.34 0.20 0.08 0.32 0.80 8.50 26.56 1.42 
6. 0.76 0.38 0.25 0.10 0.24 0.75 9.50 37.11 1.57 
7. 0.86 0.43 0.37 0.13 0.14 0.63 10.46 66.98 1.83 
8 . 0.91 0.45 0.55 0.19 0.10 0.45 7.44 47.96 1.68 
9. 0.92 0.46 0.70 0.25 0.08 . 0.30 4.93 25.88 1.41 
10. 0.93 0.46 0.73 0.26 0.05 0,27 6.88 51.59 1.71 
11 . 0.97 0.48 0.78 0.28 0.03 0.20 8.29 76.19 1.88 
12. 0.99 0.49 0.83 0.30 0,02 0.18 10.73 132.3 2.12 
JO 
10 
TABLE - XX 
EQUIVALENT IONIC FRACTIONS, SEPARATION FACTORS, MOLALITIES AND 
SELECTIVITY COEFFICIENTS FOR THE Ba(II) -H(I) EXCHANGE ON 
ANTIMONY(V) SILICATE CATION EXCHANGER 
SI- Xg^ "»Ba ^ '^a ^ = '^ ^ = ° ^ <^f ^c ^°^h No* n 
At 23°C 
1. 0.25 0.12 0.02 0.01 0.74 0.98 15.15 15.63 1.19 
2. 0.38 0.19 0.05 0.02 0.63 0.94 10.72 17.85 1.25 
3. 0.50 0.25 0.15 0.05 0.52 0.91 5.65 15.67 1.20 
4. 0.54 0.27 0.23 0.07 0.48 0.82 4.13 11.69 1.07 
5. 0.58 0.29 0.37 0.11 0.44 0.74 2.64 7.38 0.87 
6. 0.60 0.30 0.51 0.15 0.42 Q.66 1.84 4.81 0.68 
7. 0.60 0.30 0.58 0.17 0.40 0.60 1.57 3.71 0.57 
8. 0.60 0.30 0.67 0.20 0.38 0.55 1.31 3.13 0.50 
9. 0.62 0.31 0.75 0.23 0.36 0.51 1.15 2.62 0.42 
10. 0.65 0.32 0.83 0.26 0.33 0.15 0.33 0.25 -0.60 
11. 0.70 0.35 0.85 0.26 0.30 0.13 0.35 0.24 -0.62 
12. 0.76 0.38 0.86 0.26 0.24 0.13 0.46 0.39 -0.41 
TABLE - XX (Contd . ) 
1x9 
^ll ^ ° ^ B^a "^ hr"^ Ba H '^"^  ^ r c^ i°s^c 
At 50 C 
1. 0.24 0.12 0.01 0.006 0.75 
2. 0.41 0.20 0.04 0.02 0.64 
3 . 0.46 0.23 0.07 0.03 0.54 
4. 0.53 0.26 0.15 0.05 0.50 
5. 0.61 0.31 0.30 0.09 0.47 
6. 0.62 0.31 0.41 0.12 0.44 
7. 0.64 0.32 0.50 0.15 0.42 
8. 0.64 0.32 0.60 0.18 0.40 
9. 0.65 0.32 0.70 0.21 0.37 
10. 0.69 0.35 0.81 0.25 0.29 
11. 0.76 0.38 0.85 0.26 0.27 
0.99 31.52 33.60 1.53 
0.99 17.64 22.25 1.35 
0.93 1.12 26.23 1.42 
0.86 5.90 16.70 1.22 
0.77 3.27 9.03 0.96 
0.71 2.46 6.69 0.83 
0.64 1.91 4.98 0.70 
0.60 1.59 3.96 0.60 
0.57 1.44 3.65 0.56 
0.15 0.44 0.36 -0.44 
0.15 0.49 0.44 -0.36 
12. 0.78 0.39 0.86 0.26 0.22 0.14 0.56 0.56 -0.25 
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In Ba(II) - H(I) exchange the isotherms are sigmoid indicating a 
selectivity reversal at both the teii5)eratures. It means that 
Barium ions are preferred by the exchanger upto a certain value of 
the ionic fraction (O.bO at 25° and 0.64 at 50°C), thereafter, a 
preference for H(I) ions is shown. This conclusion is substantiated 
by the values of the separation factors and selectivity coefficients 
(Tables XVII to XX). 
The thermodynamic equilibrium constants (K) were determined 
(22) from the relationship: 
1 
lnK«(Z^-Zg) + JlnK^dXj^ (5) 
o 
where Z. and Zg are the valencies of the competing ions. The 
integrals were evaluated from the areas under the curves of 
Figures 26 and 27 using the trapazoidal rule (23). The K values 
are given in Table XXI. A comparison of the K values for the 
different exchanges studied shows the following sequences at the 
two temperatures: 
Ca(ll) > Sr(Il) > Ba(ll) > Mg(II) at 25°C 
Sr(ll)> Ca(II) > Ba(II) > Mg(II) at 50°C 
which means the same sequence of the affinities for these metal 
ions. At a higher tenrperature (50°C) also the affinity is higher 
for all the exchanges. 
123 
2 A 
•;; 1.6 
O 
o 
OB 
tal 
U 
iZ 
u. 
u< 
O 
u 
> 
U 
ttl 
ul 
0.0 
0.4 
1.2 -
- 2 . 0 
- 2 . 8 
- 3 . 2 
0.0 
o 2 5**C 
• 50*0 c«nn 
M9<in 
_L 
0.2 0.4 0.6 
X M 
o.e 1.0 
FIG. 2 6 PLOTS OF LOG Kc VERSUS X M F O R 
MQlll)-Hll)ANOCa(ll)-H(l)EXCHANGES 
ON ANTIMONY(V)SILICATE AT 25*AN0 5CrC 
124 
2.2 
taJ 
O 
tab 
U. 
U l 
O 
U 
> 
u 
UJ 
UJ 
- 0.2 -
-0 .2 -
-0.6 -
-1.0 
FIG. 2 7 PLOTS OF LOG Kc VERSUS XM FOR 
Sr (ll}~H(l)AND Balil)-H(I)EXCHANGES 
ON ANTIMONY Iv ) SILICATE AT 25*AND50*C 
1 2D 
The standard free energies of exchange ( A G ° ) for the 
interaction - 2 were calculated (24) from the relationship: 
/^QT = - RTln K (6) 
where R is universal gas constant and T is the ten5)erature in 
degrees kelvln* 
The standard enthalpy change ( A H °) were calculated from 
the Van't Hoff isoch£ire: 
In S 
^ 1 , 
AH° 
R 
(^  - i) ------(7) 
and standard entropy change ( AS ) by the following equation: 
AG' AH° - TAS^ (8) 
Table XXI also summarizes the values of A G° , A H ° and A S° • 
A positive value of A G° for the Mg(lI)-H(I) interaction 
at both the temperatures indicates that SbSi has a lower preference 
for Mg(II) than for H(I) at both the temperatures. However, in 
case of the Ca(ll), Sr(II) and Ba(ll) exchanges with H(I) ions the 
reverse is time i.e. the negative standard free energy change for 
these interactions means that these metal ions are preferably adsor-
bed on SbSi than HCI) ions and the preference increases at a higher 
126 
ten9)erati2re« A positive enthalpy change in these interactions 
also confirms this view. Positive values of standard entropy change 
suggest that the metal ions are less strongly bound with the exchan-
ger as coispared to the H(I) ions* 
The activity coefficients of the metal and H(I) ions were 
calculated (25»26) from the following expressions: 
infjj- Xj^lnK^ - J l^K^dXj^ (10) 
and the values are tabulated in Tables XXI to XXV, 
In Ca(II)-H(l), Sr(II), HCI) and Ba(II)-H(I) exchanges 
the fw values are less than unity at both the temperatures* However, 
in the NgCII) -H(I) exchange the values are greater than unity and 
generally increase with the increase in the X ^ values at both the 
temperatures. Further, a variation of f^ values is observed in all 
the cases indicating a heterogeneity in the distribution of ions on 
SbSi surface during the ion-exchange process, similar to the others 
reported earlier (27). Soils also behave similsp:*ly (28). 
To further examine the deviation of these heterogeneous 
systems from ideality, the excess thermodynamic fimctions for these 
systems were calculated (29*30) from the expressions: 
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/^G^ = RT 
A H ^ « RT^ 
Xj^  In f j5 + Xjj In f. 
H (11) 
m 
_ V In f „ - . In f „ . 
(12) 
and AG^ nj = A H ^ - T A S ^ (13) 
where ^G*'^, A H ^ and A s ^ are the excess free energies, 
enthalpies and entropies of mixing (Tables XXVI to XXIX), It is 
clear from these tables that the values of the excess free energy 
change are positive for the Mg(II) - H(I) excliange and increase with 
the increase in the values of IL^ , However for the Ca(ll) -H(I), 
Sr(II)-H(I) and Ba(ll)-H(I) exchanges the values of A G^ are 
negative at both the temperatures studied, indicating that the 
heterogenous mixtures of Ca(II)-HCl), Sr(II)- H(I) and Ba(II)- H(I) 
ions dviring the exchange are more stable as compared to the piire 
homoionic forms. The reverse is true for the Mg(II) - HCI) exchange. 
The enthalpies and entropies of mixing for the Ca(II)-H(I) 
exchange are negative upto certain limit (x«^ » 0.72 and 0.70 at 25 
and 50°C respectively^. Thereafter, the values are positive. This 
reversal in the signs indicates a higher binding strength of the ion-
mixture as compared to a single ion. In case of the Mg(II) - H(I) 
exchange, however, no definite order is found. It is in accordance 
with the work of Howery and Thomas (26) for the ion exchange on the 
mineral clinoptilotite, A comparison of these values at both the 
temperatures suggests that Ca(II) and Sr(II> are the most strongly 
bound ions at 25 and 50°C respectively. 
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TABLE - XXII 
ACTIVITY COEFFICIENTS FOR THE DIFFEEIENT X^ VALUES IN THE Mg(II)-H(I) 
EXCHANGE ON ANTIMONY(V) SILICATE CATION EXCHANGER 
SI. —rr-
No. 
Values at 25 C 
'Mg •Mg 'H 
Values at 50 C 
'Mg •Mg H^ 
1. 
2 . 
3 . 
4 . 
5 . 
6 . 
7 . 
8 . 
9 . 
10 . 
1 1 . 
12. 
0.10 
0.12 
0.13 
0.17 
0.19 
0.20 
0.22 
0.27 
0.34 
0.50 
0.74 
0.81 
6.65 
11.05 
16.39 
19.95 
20.62 
29.09 
32.75 
208.90 
177.30 
117.00 
94.32 
86.62 
0.82 
0.75 
0.71 
0.68 
0.66 
0.61 
0.58 
0.35 
0.39 
0.61 
0.94 
1.56 
0.09 
0.14 
0.16 
0.18 
0.20 
0.21 
0.25 
0.29 
0.35 
0.45 
0.76 
0.82 
3.87 
6.18 
11.06 
11.66 
19.84 
25.43 
23.72 
137.20 
142.10 
104.20 
49.58 
42.39 
0.88 
0.78 
0.65 
0.69 
0.63 
0.62 
0.53 
0.33 
0.38 
0.36 
0.71 
1.10 
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TABLE - XXIII 
ACTIVITY COEFFICIENTS FOR THE DIFFERENT X„ VALUES IN THE 
Ca 
Ca(II) - H(I) EXCHANGE ON ANTIMONY(V) SILICATE CATION EXCHANGER 
SI. 
No. C^a 
Values at 25 C 
f Ca 'H 
Values at 50 C 
'Ca •Ca 'H 
1. 0.15 
2. 0,25 
3. 0.41 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
0.55 
0.67 
0.72 
0.74 
0.74 
0.75 
0.76 
0.79 
0.84 
0.09 
0.07 
0.05 
0.01 
0.06 
0.08 
0.08 
0.08 
0.10 
0.18 
0.18 
0.16 
1.52 
1.62 
1.95 
2.00 
1.36 
0.89 
0.76 
0.73 
0.45 
0.09 
0.22 
0.10 
0.29 
0.42 
0.50 
0.66 
0.70 
0.74 
0.77 
0.78 
0.80 
0.82 
0.06 
0.03 
0.03 
0.04 
0.04 
0.04 
0.05 
0.06 
0.07 
0.10 
0.84 0.10 
0.86 0.09 
3.19 
4.16 
3.27 
4.07 
5.40 
3.18 
1.88 
1.00 
0.88 
0.14 
0.18 
0.29 
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TABLE - XXIV 
ACTIVITY COEFFICIENTS FOR THE DIFFERENT Xg^ VALUES IN THE 
Sr(II)-H(l) EXCHANGE ON ANTIMONY(V) SILICATE CATION EXCHANGER 
SI. 
No. 
Values at 25 C 
Sr Sr •H 
Values at 50 C 
Sr •Sr •H 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
0.27 
0.40 
0.48 
0.54 
0.59 
0.61 
0.67 
0.74 
0.78 
0.81 
0.92 
0.95 
0.06 
0.07 
0.08 
0.22 
0.12 
0.14 
0.16 
0.19 
0.20 
0.22 
0,18 
0.17 
2.81 0.28 
3.72 0.41 
3.31 
1.17 
2.26 
1.76 
0.94 
0.77 
0.49 
0.48 
1.35 
2.13 
0.51 
0.61 
0.68 
0.76 
0.86 
0.91 
0.92 
0.93 
0.97 
0.99 
0.06 
0.05 
0.06 
0.08 
0.08 
0.08 
0.07 
0.10 
0.11 
0.10 
0.10 
0.10 
2.99 
3.88 
4.11 
2.09 
2.99 
3.61 
2.08 
3.49 
2.03 
3.84 
4.59 
5.90 
1 It) 
TABLE - XXV 
ACTIVITY COEFFICIENTS FOR THE DIFFERENT X^^ VALUES IN THE 
Ba(lI)-H(I) EXCHANGE ON ANTIMONY(V) SILICATE CATION EXCHANGER 
31. 
No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
^Ba 
0.25 
0.38 
0.50 
0.54 
0.58 
0,60 
0.60 
0,60 
0.62 
0.65 
0,70 
0.76 
Values at 25°C 
^Ba 
0.10 
0.12 
0.16 
0.19 
0.23 
0.27 
0.29 
0.31 
0.35 
0.80 
0.82 
0.71 
% 
2.10 
1.99 
1.59 
1.34 
1.02 
0.80 
0.61 
0.63 
0.55 
0,12 
0.12 
0.35 
Values 
•^Ba 
0,24 
0.41 
0.46 
0.53 
0.61 
0.62 
0.64 
0.64 
0,65 
0.69 
0.76 
0.78 
at 50°C 
ha 
0.06 
0.05 
0.10 
0.14 
0.19 
0.24 
0.24 
0.24 
0.27 
057 
0.54 
0.52 
^H 
2.44 
3,22 
1,99 
1,39 
1,03 
0,87 
0,70 
0.70 
0,59 
0,13 
0,15 
0,18 
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TABLE - XXYI 
EXCESS FREE ENERGIES, EWTHIALPIES AND ENTROPIES OF MIXING FOR 
THE Mg(II) - H(I) EXCHANGE ON ANTIMONY(V) SILICATE CATION EXCHANGER 
_ A G ^ AHJ^ AS^^^ 
lol ^Mg (K J mole"'') (KJmole''^) (K J mole"'' deg"'') 
At 25°C 
1. 0.10 0.04 3.50 0.01 
2. 0.12 0,15 3.18 0.01 
3. 0.13 . 0.22 0.58 0.00 
4. 0.17 0.53 2.75 0.01 
5. 0,19 0.62 -0,59 0.00 
6. 0.20 0.73 1.34 0.00 
7. 0.22 0,90 0.06 0.00 
8. 0.27 1.64 2.10 0.00 
9. 0,34 2,69 2.29 0,00 
10, 0.50 5.30 -6,28 -0,06 
11, 0.74 8.31 11.87 0,01 
12, 0,81 9.19 26.49 0,06 
TABLE - XXVI (Contd. ) 
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SI. 
No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
^Mg 
-
0.09 
0.14 
0.16 
0.18 
0.20 
0.21 
0.25 
0.29 
0.35 
0.45 
0.76 
0.82 
ffi 
(KJ mole"'') 
At 50°C 
0.03 
0.12 
0.10 
0.35 
0.61 
0.81 
0.75 
1.63 
2.87 
3.76 
7.78 
8.30 
AH^^ 
(K J mole"'' 
3.89 
3.97 
-0.29 
3.35 
-0.72 
1.66 
0.22 
2.75 
3.48 
14.52 
19.37 
22.53 
^ ^ 
(KJ mole"'' deg"'') 
0.01 
0.01 
0.00 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.04 
0.04 
0.04 
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TABLE - XXVII 
EXCESS FREE ENERGIES, ENTHALPIES AND ENTROPIES OF MIXING FOR THE 
Ca(ll) - H(I) EXCHANGE ON ANTIMONY(V) SILICATE CATION EXCHANGER 
SI . 
No. 
1 . 
2 . 
3 . 
4 . 
5 . 
6 . 
7 . 
8 . 
9 . 
10 . 
1 1 . 
12. 
^Ca 
0,15 
0.25 
0.41 
0.55 
0.67 
0.72 
0.74 
0.74 
0.75 
0.77 
0.79 
0.84 
m 
( K J mole" 
-0.18 
-0.87 
-2.27 
-5.63 
-4.25 
-4.71 
-4.78 
-4.83 
-4.87 
-3.58 
-4.17 
-4.77 
" ) 
A H ^ 
(KJ mole ) 
At 25°C 
-13.67 
-12.08 
0.64 
-29.62 
- 4.63 
- 0.27 
0.96 
3.67 . 
3.67 
7.81 
16.17 
15.01 
As^ 
"'-I -1 (K J mole deg ) 
-0.05 
-0 .04 
0.01 
-0.08 
-0.00 
0.02 
0.02 
0.03 
0.03 
0.04 
0.07 
0.07 
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TABLE - XXVII (Contd.) 
(KJmole ') (KJ mole ') (KJ mole ' deg"') 
At 50°C 
1. 
2 . 
3 . 
4 . 
5 . 
6 . 
7 . 
8 . 
9 . 
10. 
1 1 . 
12 . 
0.29 
0.42 
0.50 
0.66 
0.71 
0.74 
0.77 
0.78 
0.80 
0.82 
0.84 
0.86 . 
-0.05 
-1.55 
-3.46 
-4.27 
-4.88 
-5.48 
-5.68 
-5.86 
-5.93 
-5.88 
-5.87 
-5.89 
-13.82 
- 7.96 
3.33 
-39.95 
- 0.93 
3.83 
4.14 
5.47 
6.26 
12.24 
19.48 
14.67 
-0.04 
-0.02 
-0.02 
-0.11 
0.01 
0.03 
0.03 
0.04 
0.04 
0.06 
0.08 
0.06 
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TABLE - XXVIII 
EXCESS FREE ENERGIES^ ENTPIALPIES AND ENTROPIES OF MIXING FOR 
THE Sr(Il) -H(I) EDCCHANGE ON ANTIMONY(V) SILICATE CATION EXCHANGER 
(KJ mole ') (KJ mole ') (KJ mole deg ') 
At 25^C 
1. 0.27 -0.05 -0.12 0.00 
2. 0.40 -0.69 .-2.89 -0.01 
3. 0.48 -1.45 0.42 0.01 
0.20 
0.02 
0.01 
0.04 
0.02 
0.03 
0.03 
0.06 
0.06 
4 . 
5 . 
6 . 
7 . 
8 . 
9 . 
10 . 
1 1 . 
12. 
0.54 
0.59 
0.61 
0.67 
0.74 
0.78 
0.81 
0.92 
0.95 
-1.87 
-2.25 
-2.46 
-3.10 
-3.22 
-3.47 
-3.43 
-3.78 
-4.02 
56.68 
4.11 
0.86 
9.14 
1.54 
5.03 
5.88 
13.56 
14.20 
1J8 
TABLE - XXVIII (Contd.) 
SI . 
No. 
1. 
2 . 
3 . 
4 . 
5 . 
6 . 
7 . 
8 . 
9 . 
10. 
1 1 . 
12. 
^Sr 
0.28 
0.41 
0.51 
0.61 
0.68 
0.76 
0.86 
0.91 
0.92 
0,93 
0.97 
0.99 
m 
(K J mole"'') 
At 
-0.05 
-1.13 
-1.94 
-3.35 
-3.69 
-4.26 
-5.93 
-5.20 
-5.32 
-5.49 
-5.85 
-6 .14 
AH," 
( K J mole"'') 
0 
?o c 
-1.37 
3.52 
0.99 
77.84 
7.05 
7.38 
21.60 
13.78 
15.79 
20.11 
19.11 
19.62 
(K J mole" deg"'') 
0.00 
0.01 
0.01 
0-.25 
0.03 
0.04 
0.09 
0.06 
0.07 
0.08 
0.08 
0.08 
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TABLE - XXIX 
EXCESS FREE ENERGIES, ENTHALPIES AND ENTROPIES OF MXING FOR 
THE Ba(II)-H(l) EXCHANGE ON ANTIMONY(V) SILICATE CATION 
EXCHANGER 
SI. x^ AG-^ AH^ A S / 
Ba m. m. ta No, (K J mole"'') (KJ mole"^) (KJ mole"'' deg"*^ ) 
At 23°C 
1. 
2 . 
3 . 
4 . 
5 . 
6 . 
7 . 
8 . 
9 . 
10 . 
1 1 . 
12. 
0.25 
0.38 
0.50 
0.54 
0.58 
0.60 
0.60 
0.60 
0.62 
0.65 
0.70 
0.76 
-0 .05 
-0.86 
-1.66 
-1.88 
-2.07 
-2.16 
-2.46 
-2.17 
-2.17 
-2.07 
-1.95 
-1.27 
1.07 
1.33 
3.32 
4.74 
3.17 
1.01 
1.69 
3.52 
4.05 
6.26 
6.61 
12.24 
0.00 
0.01 
0.02 
0.02 
0.02 
0.01 
0.01 
0.02 
0.02 
0.03 
0.03 
0.05 
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TABLE - XXIX (Contd . ) 
X S I . Xg^ AG^ A ^ ^ A ^ -
(KJmole" ' ' ) ( K J mole"' ' ) (K J mole" deg" ' ' ) 
At 50°C 
1 . 0 .24 - 0 , 0 4 1.02 0.00 
2. 0.41 -1.25 2.30 0.01 
3. 0,46 -1,81 6.87 0.03 
4 . 0 .53 - 3 , 2 5 5.38 0 .03 
5 . 0 .61 - 2 . 6 7 3 .96 0 .02 
6. 0.62 -2.53 1.21 0.01 
7 . 0 .64 - 2 . 8 4 2 .08 0 .02 
8 . 0 , 64 -2 ,81 4 . 3 7 0 .02 
9 . 0 .65 - 2 , 8 3 5.02 0 ,02 
10 . 0 .69 - 2 . 6 6 7,91 0 .03 
1 1 . 0 ,76 , - 2 , 61 8,81 0 .04 
1 2 . 0 .78 - 2 . 4 3 14.12 0.05 
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CHAPTER - Y 
DISTRIBUTION AND SEPARATION STUDIES OF SOME METAL IONS 
ON ANTIMONY(V) SILICATE CATION EXCHANGER 
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Adsorption behaviour of an ion exchanger is an important 
factor as it determines its utility in the separation field. Inorga-
nic ion exchangers are well knovm for the separation of metal ions 
(1), their use being in the nuclear energy industry (2-5) for the 
•1x7 QQ 
separation of selected nuclides such as "^  Cs and Sr from the 
wastes of reactor fuels. These materials are of growing interest in 
relation to the treatment of contaminated water or coolant moderator 
in reactors working at high temperatures and pressures, as it is 
generally believed that they are resistant to heat and radiations, 
silicates are important as they are, in general, temperature resis-
tant, stable imder chemical attack and show promising ion exchange 
behaviour. For exao^le, zirconium silicate is highly selective for 
alkali metals and alkaline earths (6). Some silica based double 
salts have also illustrated enhanced ion exchange properties, such 
as stannic arsenosilicate which is selective for Hg(II) (7)* Similar-
ly phosphosilicates of zirconium and titanium have been utilized for 
the separation of radionuclides (2,8). Since antimony(V) silicate 
has shown good ion exchange properties in addition to its high thermal 
and chemical stability as discussed in Chapter II, the following 
pages summarize a systematic study on its adsorption behaviour for 
some metal ions. As a result, a few important binary separations 
have been achieved on its columns. 
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EXPERIMENTAL 
Reagents and chemicals 
The antimony pentachloride (SbCln) was a product of Koch-
light Laboratories Ltd. (Colnbrook, Bucks, England). All other 
reagents and chemicals used in this study were AnalaR grade 
obtained either from BDH Poole (England) or the £• Merck 
(Dermstadt)• 
Radiotracers used 
The following nuclides were used as radiotracers with their 
half life periods shown in perentheses: 
^Sia(15 hours), ^ ^K(12.5 hours), ®^RbCl8,7 days) and 
''^ '^ Cs(30.2 years). 
Instrumentation 
A waterbath incubator shaker having a temperature variation 
of + 0,5°C was used for the shaking process. 
Activity measiiremen1:s were done in a well type single channel 
analyser of Electronic Corporation of India Ltd, using a Nal(Tl) 
detector. 
Synthesis of the ion exchange material 
Antimony(V) silicate (SbSi) was synthesized as described 
in Chapter II. 
Distribution studies 
(a) For common metal ions 
250 mg of the exchanger in H**" form were shaken in an electric 
shaker at 30 + 2 C for 4 hours with a 25 ml of the solvent, adjust-
ing the initial metal ion concentration less than 3% of the total 
ion exchange capacity of the material. The metal ion concentrations 
in the solution before and after the equilibrium were determined by 
the standard volumetric method using BDTA as the titrant (9)« The 
distribution coefficient (K,) for some metal ions in demineralized 
water (iMnf), perchloric acid and DMSO-HCIO. systems are summarized 
in Table XXX. 
(b) For alkali metal ions 
The K^ values for Na(l), K(I), Rb(I) and Cs(I) ions were 
determined using radiotracers by the batch process as follows: 
100 mg of the exchanger in H*** form were tak^i in a conical 
flask followed by a 20 ml of the solvent containing 1 ml of the 
tracer and 1 ml of the carrier solution of the required concentra-
tion. The contents were shaken for 4 hours in an electric shaker 
146 
for attaining equilibrium. 10 ml of the supernatant liquid were, 
then, withdrawn for measuring the activity. The standard radio-
activity of the tracer solution being known, the K, values were 
calculated by the standard formula and shown in Figure 28 at 
different pH values adjusted with the help of HCIO. of varying 
0 5 
concentrations (10 to 10 ) and DMtf. 
The following formula was used for the calculation of the 
K, values: 
F m 
K, = —;;— X — ml g 
where, I » initial volume of the EDTA used or initial activity 
of the solution 
F B final volume of the EDTA used or the final activity 
of the solution 
V = total volume of the solution (ml) 
M s mass of the exchanger (g) 
Effect of fgimma radiations 
Antimony(V) silicate was irradiated with the varying doses 
8 8 8 
o^ gamma radiations (l x 10 , 2 x 10 and 3 x 10 rads) at a dose 
rate of 0.4M rads/hour using Co as a source and FeSO^ as a dosi-
meter. The K, values for alkaline earths were then determined as 
usual on these sauries. Table XXXI summarizes the results along 
with those on the normal sample. Figure 29 shows the trend of 
variation. 
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FIG. 28 EFFECT OF pH ON TH€Kd VALUES 
OF ALKALI METALS OH ANTIMONY (V) 
SILICATE CATION EXCHAHGER 
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Separations achieved 
Several binary separations were tried using a column of 
i.d. rv 0,6 cm containing 2g of the 50 - 70 mesh size exchanger 
beads in H form. The column was washed thoroughly with DVM and 
the mixture to be separated was adsorbed on its top. It was eluted 
out with a suitable solvent at a flow rate ^^0.5 ml/min. The 
solvent was selected on the basis of the K, values and the deter-
mination of metal ions was made by EDTA titrations. Table XXXII 
summarizes the important separations achieved on the columns of 
antimony(V) silicate with their salient features while Figures 30-32 
show the elution curves. The limits of separations were determined 
on the basis of the permissible error range as + 536 , 
The height equivalent to a theoretical plate CHETP; was 
calculated (10) using the formula: 
HETP = ij 
av 
max 
where L is the column height (7.0 cm) b is the peak width (ml) at a 
height of 0.369 C and V ^ ^ is the eluant volume (ml) at the peak. 
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DISCUSSION 
The distriljution studies illustrate certain interesting 
features of antimony(V) silicate. Plots of pH versus log Kj for 
alkali metals (Figure 28) show that they arei straight lines for 
NaCi) and K(I) only. It shows a positive deviation for Cs(I) above 
pH 5 and a total absorption for RbCI) at pH > 3. These observations 
point out the suitability of antimony(V) silicate cation exchanger 
for the separation of Rb(I) from dither sulkali metals. Effect of 
gamma radiations was seen on the distribution behaviour of this 
material for alkaline earths (Figure 29). As it is clear from this 
figure the gamma irradiation lowers the K. values of Ca(II) and 
Sr(II) while the values for Mg(ll) and Ba(II) are not affected 
significantly in HCIO^ medium. 
The utility of this material has been demonstrated by 
achieving separations of great analytical importance. For example 
Mg(II) has been separated from other alkaline earths. Also, the 
most difficult separation of Cd(II) from Zn(II) has been performed 
on its column with a single eluant 1M HCIO^. Although antimonic 
acid has earlier shown (11) a great affinity for Cd(II), a separa-
tion of Cd(II) from Zn(II) could not be achieved on its column. 
For this reason antimony(V} silicate has an added advantage over 
antimonic acid. Figures 30 to 32 illustrate the six binary separa-
ly? 
tlons achieved on SbSl coliamns such as Za(II)- CdClI), MnCII) -
Cd(Il), Hg(II) - Pb(II), MgCII) - Ca(II), Mg(II) - SrCII) and 
Mg(II) - Ba(II), Table XXXII gives the essential featiares of 
these separations with the HETP values which signify the column 
efficiency. 
Iu8 
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CHAPTER - VI 
A SELECTIVE AND SENSITIVE SPOT TEST METHOD FOR THE DETECTION 
OF IRON(III) AND MOLYBDENUM(VI) ON ANTIMONY(V) SILICATE BEADS 
Iii9 
Several spot tests are known (1^2) for iron and 
molybdenum, some of which are quite selective and sensitive 
(3,4). Resin spot tests were introduced by Fujimoto (5) 
who noticed that the sensitivity and stability of a spot 
test are greatly enhanced by this technique. Inorganic ion 
exchangers have been found useful for the metal separations 
(6) and have been utilized for the analysis of some standard 
samples of alloys and silicate rocks (7,8)• However, their 
use in the spot test analysis of metal ions is not yet wide-
ly known* Antimony(Y) silicate is found as a crystalline 
material with promising cation exchange properties. The 
present chapter describes a sensitive and selective detection 
procedure of iron(IIl) and molybdenumCVI) using antimony(V) 
silicate beeds as an adsorbent and sodium diethyl dithiocarba-
mate as a reagent. 
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EXPERIMENTAL 
Reagents and chemicals 
AntimonyCV) chloride Was a Kochlight product and sodium 
silicate was a Riedal product. Sodium diethyl dithiocarhamate 
and all other chemicals were of BDH (England) or AnalaR grade. 
Synthesis of antimony(V) silicate (SbSi) 
SbSi was prepared by the same process as described in 
Chapter II, 
Preparation of the reagent solution 
Decimolar solution of sodium diethyl dithiocarbamate was 
prepared in 100 ml of demineralized water (BMW). 
Detection procedure 
Few antimony(V) silicate beads (100-150 mesh size) in H 
form were placed on a spot plate followed by a drop (0.01 ml) of 
the metal solution and a drop of the reagent solution. Appearence 
of a brown colour on the beads within 2 minutes indicates the 
presence of Fe(lII). For Mo(VI) the beads turn yellowish pink. 
The limit of detection was 0.1 ;ag for both the metal ions. 
iGi 
Study of Interferences in the detection procedure 
(a) The following ions do not interfere with the test for 
iron(II) and molybdenum(VI) upto the amounts shown against them 
in micrograms: 
Li(I)(6.94), Na(I)(23.0), KCI)(39.1), Zn(Il)(65.4), CdClI)(112.4), 
MnClI)(54.9), HgClI)(200.6), P\>UI)(207.2), MgUI)(24.3), Ca(II) 
(40.1), Sr(II)(87.6), Ba(ll)(l37.4), A1(III)(27.0), Cr(III)(52.0), 
Sn(IV)(l18.7), ZrCIV)(91.2), Th(IV)(232.0), Ce(IV)(l40.1), F"(19.0), 
Cl"(35.5), Br"C80.0), I"C126.9), N0j'C62.0), CHjC00'(59.0), 
HSO4 (58.0), C20^"(88.0), SgO^' (80.0), MnO^"(119.0), Cr20^' (216.0). 
(b) The following metal ions give colour noted against them, on 
the beads when they are present in the amounts greater than shown 
in brackets: 
Qu(II)(0.1 Mg) - Y,Ni(II)(0.6 yxg) - LY,Co(IlK0.06 Aig) - LG,Bi(lII) 
(2.1 ug) - LY,Ag(I)(10.8 ug) - LB,U(VI)(1 jug) - LY and W(VI)(18.4 jig)' 
LO. 
Abbreviations used: 
Y - Yellow, LY - Light Yellow, LG - Light Green, 
LB - Light Brown, LO - Light Orange. 
Iu2 
DISCUSSION 
Diethyl dithiocarbamate i s a commonly knowi (17) conrplexing 
ion and forms metal contplexes of the type (18 ) : 
CgHj 
^ - °=^ ^ M e * ° A 
C2H5 
Since antimony(V) sulphide has earlier been reported (19) as 
an excellent collector for Mo(YI), and since antimony(V) silicate 
prepared in these studies has shovna a high selectivity for Fe(III) 
and Mo(VI), the presence of Sb(V) is probably the key factor to 
provide an ideal base for the detection of these two metal ions. 
Some inorganic ion exchangers were also tried (Table XXXIII) for 
coiQ>arison out of which only SbSi gives the best result in terms of 
the sensitivity of the test. Thorium oxide does not give any posi-
tive test probably because it is an anion exchanger while the com-
plexes formed are positively charged. Same is the observation with 
an organic resin (Dowex-50 or Amberlite IR-120). A negative test 
with the organic resins may be attributed to their true ion exchange 
behaviour as against the inorganic materials which show adsorption 
as well as ion exchange phenomena occurring on their surfaces. 
1 i>3 
TABLE - XXXIII 
DETECTION LIMITS FOR IRON AND MOLYBDENUM ON DIFFERENT ION EXCHANGE 
MATERIALS AT ROOM TEMPERATURE {20^C) 
SI. Ion exchange materials 
No. 
Amount of Iron and Molybdenum 
detected per 0.01 ml of the test 
solution 
10,0 ns 1.0 Mg 0.5 ^ g o.i ug 
1. Antimony(V) silicate + 
2. AntimonicCV) acid (9) + 
3. Thorium(V) oxide (10) 
4. Thorium(IV) phospho- + 
silicate (ll) 
5. Tin(IV) phosphate (12) + 
6. Tin(IV) phosphosilicate (13) + 
7. Tin(IV) arsenate (14) + 
8. Tin(IV) arsen©Silicate (15) + 
(IV) phospho- + 
(16) 
(IV) arseno- + 
9. Zirconium' 
silicate 
10. Zirconiumi 
silicate 
11, Zirconium(IV) arseno-
phosphate (8) 
12, Dowex - 50 
+ 
+ 
+ 
+ 
13. Amberlite IR-120 
1G4 
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Effect of Irradiation on Ion-Exchange Behavior and 
Separation of Cd(ll) from Zn(ll) and Mn(ll) and of 
Mg(ll) from Ba(ll), Ca(ll), and Sr(ll) 
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Abstract 
A systematic ion-exchange study has been performed on antimony sihcate, which 
includes its ion-exchange capacity, elution behavior, pH titrations, and distribution 
coefficients of common metal ions The Kj values for alkaJi metals vary with the pH 
of the solution and the material is found to be highly selective for Rb(I) at pH values 
greater than 1 On the basis of distribution studies, the separation of Cd(II) from 
Zn(II) and Mn(II) has been achieved Similarly, Mg(II) has been separated from 
Ba(II), Ca(II), and Sr(II) to illustrate its utility Antimony silicate is very stable both 
thermally and chemically and possesses reproducible ion-exchange properties, also, 
the effect of irradiation on the ion-exchange behavior is negligible A tentative 
formula of the material has also been proposed based on chemical, infrared, and 
thermogravimetric analysis studies The x-ray studies reveal that the exchanger is 
crystalline with a rf-value of 6 09 A 
l^^•RODUCTION 
Silicates form one of the most important classes of the ion-exchange 
materials as they are temperature resistant and stable under chemical attack 
{1-4). Antimony salts such as Zr(IV), Ti(IV), and Sn(IV) antimonates {5-8) 
have received attention because of their reproducible ion-exchange behavior 
while the antimony-silicon cation exchangers have been prepared and 
1527 
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Studied by Novikov and co-workers (9-13). However, a systematic ion-
exchange study of antimony silicate has been lacking. Our study is 
summarized in the following pages. The effect of irradiation on the ion-
exchange properties of this material is also included. 
EXPERIMEr^AL 
Reagents 
The antimony pentachloride used in this study was of ~95% purity 
obtained from Koch-Light Laboratories Ltd. (Colnbrook, Bucks, England) 
and the sodium silicate was a Riedal (DEHAENAG, Seelze-Hannover) 
product. All other reagents and chemicals were of AnalaR grade. 
Apparatus 
pH measurements were made on an Elico (India) model LI-10 pH meter 
while infrared studies were performed on a Beckmann IR-20 spectrophoto-
meter. X-ray studies were made on a Philips X-ray unit using a Mo-K„ 
target, and the radioactivity was measured in a well-type single channel 
counter of the Electronics Corporation of India Ltd. using a Nal(Tl) 
detector. A Bausch and Lomb spectronic-20 colorimeter was used for the 
spectrophotometric studies. 
Preparation of the Reagent Solutions 
A stock solution (1.0 M) of antimony pentachloride was prepared in 
concentrated HCl and was diluted to the desired concentration with 
demineralized water (DMW) so that the final concentration of HCl was not 
less than 4 M in the solution. Sodium silicate was dissolved direcdy in 
DMW by heating. For distribution studies, the metal salts were also 
generally dissolved in DMW except the tri- and tetravalent metals for which 
2-3 drops of the corresponding acids were necessary to prevent hydrolysis. 
Synthesis of the IVIaterial 
Different samples of antimony silicate were prepared by varying the 
concentration of the mixing solutions as given in Table 1 and the pH was 
fixed in the range 0-1 by adding HNO3 with constant stirring. The gel thus 
obtained was kept at room temperature (30°C) overnight, filtered, washed 
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TABLE 1 
Preparation of Antimony Silicate (SbSi) 
Sample 
S-1 
S-2 
S-3 
S-4 
S-5 
S-6 
Concentration of each 
mixing solution (M) 
(SbCl5 + Na-silicate) 
0 5 
0 4 
0 3 
0 2 
0 1 
0 1 
Mixing ratio 
(Sb Si) 
by volume 
1 1 
1 1 
1 1 
1 I 
1 1 
a i 
Ion exchange 
capacity 
(meq/g) 
Unstable in 
solution 
1 6 
1 7 
1 5 
1 7 
1 6 
with DMW, and dried at 45°C in an air oven. It was then immersed in DMW 
and the granules were converted into the H"*^  form as usual (14). On the basis 
of its apparent chemical stability and general appearance, Sample S-6 was 
selected for further study. The reproducibility was checked by preparing the 
samples several times by the same procedure. 
Composition 
250 mg of the powdered exchanger was fused with ~4 g of Na2C03 in a 
platinum crucible and transferred in a 100-mL solution of 4 M HCl. The 
amounts of antimony and silica in this solution were determined by standard 
methods (15, 16) and were found to be in the mole ratio 1:3. 
Chemical Stability 
250 mg of the material was placed in a 25 mL solution of an acid or a base 
with intermittant shaking for 24 h. The solution was then analyzed for the 
dissolved antimony and silica content using standard spectrophotometric 
methods {17, 18). The results are shown in Table 2. 
Irradiation Studies 
Antimony silicate (S-6) was irradiated by y-rays obtained from a ^°C0 
source for 96 h under a dose rate of 0.4 Mrd/h using FeS04 as the 
dosimatter. 
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TABLE 2 
Chemicdl Stability of SbSi 
Solvent 
1 M HNO, 
2 M HNO3 
4 M HNO3 
1 W HCl 
2 M HCl 
4 M H C 1 
1 W H2SO4 
4 M H2SO4 
2 M NaNO, 
4 M NaNO, 
2 W KNO, 
0 05 M NaOH 
0 1 M N a O H 
0 1 W KOH 
0 1 W NH4OH 
0 5 M NH4OH 
Amount dissol 
per 25 
Sb 
0 65 
2 34 
2 95 
1 31 
1 40 
551 
1 68 
3 50 
0 00 
0 23 
0 09 
4 58 
Dissolved 
appreciably 
Dissolved 
appreciably 
1 68 
4 44 
ved in (mg) 
mL 
Si 
0 00 
0 00 
0 07 
0 00 
0 00 
0 00 
0 00 
0 00 
2 02 
2 02 
1 55 
3 50 
Dissolved 
appreciably 
Dissolved 
appreciabK 
3 15 
3 15 
Ion-Exchange Capacity (i.e.c.) 
The i.e.c. was determined as usual by the column process taking 1 g 
exchanger (H'^ -form) in a glass tube of i.d. ~1 cm and maintaining the flow 
rate at ~0,5 mL/min. The total volume of the eluant necessary for the 
complete elution of H^-ions was 250 mL and the values in meq/dry g for 
different metals were Li(I) 1.05, Na(I) 1.60, K(I) 1.49, Mg(II) 1.53, Sr(II) 
1.59, Ca(II) 1.10, Ba(II) 1.61, NH4(I) 0.8. 
Thermal stability 
Several 1.0-g portions of Sample S-6 were heated at various temperatures 
in a muffle furnace for 1 h each, and the i.e.c. was determined as above by the 
column process after cooling them to the room temperature. The i.e.c. was 
also determined after heating the sample for 4h at 400 and 800°C. 
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Elution Behavior 
Since the extent of elution depends upon the concentration of the eluant, a 
fixed volume (125 mL) of NaN03 solution of varying concentrations was 
passed through a column containing 0.5 g of the exchanger. It was observed 
that a 1.0 Af concentration is sufficient for the complete elution of H^-ions 
from this column. The elution was therefore done with a 1.0 M solution of 
NaNo3 as an eluant. Figure 1 shows the histograms of the y-irradiated and 
unirradiated samples of Sb(V) silicate. 
pH Titrations 
These were performed by the Topp and Pepper's method (19) by placing 
500 mg of the exchanger in several 250 mL conical flasks, followed by 
equimolar solufions of alkali metal chlorides in different volume ratios, the 
final volume being 50 mL. The pH was recorded after keeping the solutions 
overnight for equilibrium and was plotted against the milliequivalents of the 
OH^ added. The experiment was repeated for the irradiated sample and the 
results are summarized in Fig. 2. 
Distribution Studies 
For Some Common Metal Ions 
250 mg of the exchanger in the H^ form were shaken at 30 ± 2°C for 4 h 
with a 25-mL solution containing the metal ion. The initial and final 
concentrations of the metal ion in the solution were determined by EDTA 
titrations (20) as usual (27). The Kj values obtained are summarized in 
Table 3. 
For Alkali Metals 
The K^ values for Na(I), K(I), Rb(I), and Cs(I) were determined using 
radiotracers. For this purpose 100 mg of the material in the H* form 
equilibrated with 20-mL of the solvent containing 1.0 mL of the tracer and 
1.0 mL of the carrier solution of the required concentration. The initial and 
final metal concentrations in solution were determined by measuring the 
activity of the solution in the two cases. The K^ values were calculated with 
the following formula: 
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t 
1-2 
1-0 
0-8 
0-6 
0-4 
0-2 
Un-irradiated sample 
Irradiated sample 
Volume of effluent (ml) ^ ^ ^ ^ 
FIG. 1. Histograms showing the elution behavior of antimony(V) silicate exchanger. 
I-F V 
K, = ——X — mL/g 
F M 
where / = initial volume of the EDTA used or initial activity of the 
solution 
F = final volume of the EDTA used or the final activity of the 
solution 
V = volume of the solution 
M = mass of the exchanger 
The following radiotracers were used in these studies with their half-life 
periods shown in parentheses: ^"Na (15 h), "^ K (12.5 h), ^^ Rb (18.7 d), 
'"Cs (30.2 years), "^Mn (31.3 d), and °^^ Hg (46.6 d). Figure 3 shows the 
variation of .^ ^ values with the pH for different alkali metals. 
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12.0 -
10.0 -
0 Un-irradiated sample 
Q Irradiated sample 
10 2-0 3-0 4-0 
mmoles of OH" added 
5-0 
FIG. 2. pH titration curves for antimony(V) silicate. 
Separations Achieved 
Several binary separations were tried using a column containing 2 g of the 
sized (50-100 mesh) exchanger particles taken in a glass tube having an i.d. 
of ~0.6 cm. The flow rate was fixed as ~0.5 mL/min using eluants selected 
on the basis of the Kj values obtained. 
RESULTS AND DISCUSSION 
These studies reveal that antimony silicate is a highly stable and 
reproducible ion-exchange material. A comparison of its thermal stability 
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T.A. 
0 1 2 3 4 5 6 7 
PH > - » . 
FIG 3 Effect of pH on the Kj values of alkali metals on antimonyCV) silicate 
with other exchangers of this class (Fig. 4) indicates a high percent retention 
in its i.e.c. on heating, almost comparable with the zirconium(IV) and 
titanium(IV) arsenophosphates prepared earlier {21). At 400°C, even 
heating for 4 h does not alter its i.e.c. appreciably, as seen in Table 4. This 
material also appears to be highly chemically stable (Table 2). The elution 
behavior indicates that the exchange is quite fast and almost all of the H^-
ions are eluted out in the first 50 mL of the effluent from a column of 1.0 g 
exchanger (Fig. 1). Moreover, the exchange takes place in one step as 
indicated by the pH titration curve shown in Fig. 2. 
The distribution studies illustrate some of the interesting features of this 
material. A plot of pH versus log Kj for Na(I) and K(I) is a straight line; 
however, there is a positive deviation in this behavior for the Cs(I) ion above 
pH 5 (Fig. 3). For Rb(I), the material shows a total adsorption even above 
pH 1. In this respect, antimony silicate is different from Sn(IV) arseno-
phosphate [22) which shows a linear increase in Kj values for Rb(I) and 
Cs(I) with pH. Antimony silicate, therefore, appears to be specific for the 
Rb(I) ion and can be used for its extraction. 
1536 VARSHNEYETAL 
TABLE 4 
Ion Exchange Capacity and Appearance of SbSi After Heating to Various Temperatures 
Drying 
temperature 
( C) 
45 
100 
300 
400 
600 
800 
400 
800 
Time of 
heating 
(h) 
4 
4 
Na ion 
exchange capacity 
(meq/dry g) 
1 60 
1 52 
1 42 
1 25 
1 20 
0 72 
1 18 
0 34 
Appearance 
White 
White 
Yellowish white 
Yellowish white 
Dark yellow 
Yellowish white 
Yellowish white 
Yellowish white 
100 
-dr 
-O 
• * • 
TiAsP 
SbSi 
SnAsP 
• • & -
-%-
- D -
ZrAsP 
SnW 
SnMo 
200 400 600 
Temperature ( C) 
800 
FIG 4 Percent retention of the H^ ions in the exchanger phase on heating 
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On the basis of its chemical composition, pH titration, and TGA results, 
the antimony silicate, prepared in these studies, may be tentatively assigned 
the following formula: [Sb205(H2Si03)6] • nHjO 
If it is assumed that all the exchangeable water molecules are removed on 
heating up to ~280°C, the first inflection point in the TGA curve (Fig. 5), 
the value of n can be calculated from 
18« = 
X{M+ I8n) 
100 
where X is the % weight loss (20%) in the exchanger on heating up to the 
inflection temperature and M is its molecular weight. The value of n thus 
obtained is IL A further loss in weight above 280°C may be due to the 
80 160 240 320 400 
Temperature ( C) 
FIG. 5. Thermogram of antimony (V) silicate. 
480 560 640 
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condensation process which probably continues up to 400°C, beyond which 
the oxides of Sb and Si are probably formed. An exhibition of the i.e.c. of 
SbSi even after heating to this temperature may be accounted for by the 
formation of antimonic acid when the oxide is dipped in aqueous solution. 
Antimonic acid has earlier been studied {10, 23, 24) as a cation exchanger. 
The IR spectra show the peaks at ~450, 750, 1050, 1600, and 3300 cm^' 
which represent (25) the presence of metal hydroxides (450 and 750) 
silicates (1050) and HjO molecules (1600 and 3300) in the structure. The 
x-ray studies reveal the crystalline behavior of the material with a rf-value 
6.09 A. 
An irradiation of the sample by y-rays for 96 h under a dose rate of 0.4 
Mrd/h does not significantly change the ion-exchange behavior and the 
selectivity of metal ions as indicated in Table 5. Only a slight change in the 
elution rate (Fig. 1) and pH titration behavior (Fig. 2) is observed on 
irradiation. 
The utility of this material was demonstrated by achieving separations of 
great analytical significance: for example, Mg(II) was separated from other 
alkaline earths (Figs. 6 and 7). Similarly, the rather difficult separation of 
Cd(II) from Zn(II) was performed on this ion-exchanger with a simple eluant 
1 M HCIO4 (Fig. 8). Binary separations like Cd-Mn and Hg-Pb were 
achieved on the columns of SbSi. Although antimonic acid has earlier shown 
[10) a great affinity for Cd(II), it could not be utilized for its separation from 
Zn(II). For this purpose the SbSi exchanger prepared in these studies seems 
to have an added advantage. Table 6 shows the details of the six binary 
separations achieved on the column of this exchanger. It is clear from Table 
6 that the % error observed in all cases is reasonably low and the separations 
can be said to be precise. 
TABLE 5 
Effect of Irradiation on the Adsorption of Mn^ "*^ . Hg^ "*", and Cs"*" on SbSi 
Metal ion 
Mn2+ 
Hg2+ 
Cs+ 
Nonnal 
sample 
473 
420 
38,394 
Water 
Kd 
Irradiated 
sample 
515 
373 
36,298 
values 
Normal 
sample 
34 0 
102 
97 
HCIO4 
Irradiated 
sample 
44 0 
194 
110 
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1-0 
0-8 
Ba(ll) 
f 
3. 
0 40 80 120 
Volume of effluent (ml) 
FIG 6 SeparationofMg(II) from BaCIf) and Sr(II) on antimony(V) silicate cofumns (a) and 
(c). 0 1 M HCIO4. (b) and (d) 1 M HCIO4 
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1-6 
1-4 
1 2 
1-0 
0-8 
0-6 
0-4 
0-2 
* - c ^ 
Hg(ll) 
— t) 
(- o- J - Q - J_ 
0 40 80 120 
Volume of effluent Iml) 
FIG 7 Separation of Mg(II) from Ca(II) and of Hg(II) from Pb(II) on antimony(V) silicate 
columns (a), 0 1 M HCIO4, (b) and (d), 1 M HCIO4, (c) 10% HCl + 5% DMSO 
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o 
E 
a. 
2-0 
1-6 
1-2 
0-8 
Cd(ll) 
40 80 120 
Volume of effluent (ml) 
160 
FIG. 8. Separation of Cd(II) from Zn(II) and of Mn(II) on antimony(V) silicate columns: (a) 
and (c). 0.1 M HCIO4; (b) and (d). 1 M HCIO4. 
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Kinetics of Exchange of Alkaline Earth Metals 
on Antimony(V) Silicate Cation Exchanger 
K G VARSHNEY* & SIMA RANI 
Chemistry Section. Faculty of Engineering & Technology. Aligarh Muslim University. Aligarh 202001 
Receued 20 December 1982. rcif^ed and (icicpied 7 April 19S.^  
A kinetic study has been performed applying the Nernst-Planck equation to the Mg- * H *. Ca- * H *. Sr' * H * and 
Ba '^^  H* exchange reactions on antimony(V) siiicate cation exchanger at tour different temperatures. vi7. 25 . .'i.l . 50 and 
65 C under the conditions favouring a panicle diffusion controlled phenomenon only. The rate of exchange has been found to 
be independent of the metal ion concentration at and above the value 2 x 10 -N. The self diffusion coefficients (/)(,). activation 
energies (£») and entropies of activation (A5*) have also been calculated, which are useful for predicting the lon-exLhangc 
phenomenon taking place in the material. 
Antimony(V) silicate has been synthesized in our 
laboratories' as a crystalline material possessing 
appreciable cation-exchange capacity. Since the 
kinetic studies of a reaction help in understanding its 
mechanism, it is worthwhile to conduct such studies on 
the exchange process taking place on antimony(V) 
silicate, in view of its peculiar behaviour. The 
studies^ * made so far in this direction are based on 
the old 5, criterion which is of limited use because of 
the different mobilities'" of the exchanging ions 
involved. In such cases Nernst-Planck equations" '^ 
should be used to obtain more precise values of the 
various kinetic parameters. We report here the results 
of such a study. 
Materials and Methods 
Antimony pentachloride used in this study was a 
Kochlight product and sodium silicate was a Riedel 
product. Other reagents and chemicals were BDH 
reagents of AR grade. 
A water-bath incubator shaker having a tempera-
ture variation of ±0.5"C was used for the equilibrium 
studies. 
Synthesis of antimony{V) silicate 
It was synthesized by the method reported earlier'. 
Kinetic measurements 
The rates of exchange were measured by the limited 
bath technique" on the exchanger particles of mean 
radii ~ 250 ^m (50-70 mesh size). 20 ml fractions of the 
metal ion solution of constant ionic strength (2 
X 10 "'^N) were shaken with the exchanger (0.2 g) in a 
temperature controlled shaker at various temperatures 
(25, 33, 50 and 65°C) for different time intervals. The 
supernatant liquid was removed immediately by 
nitration through Whatman No.4 filter paper and the 
metal ions were determined in the solution with EDTA 
titration'* using Eriochrome Black-T as an indicator. 
Results and Discussion 
A study of the concentration effect on the rate of 
exchanger for Mg^ ^  -H ^ exchange at 33 C shows that 
at a concentration <2 x lO^^jV, the initial rate of 
exchange is proportional to [Mg^^]. At a 
concentration >2 x 10 'A', it is found to be 
independent of the metal ion concentration. Under the 
conditions of particle diffusion control, a relatively 
large particle size of the exchanger and vigorous 
shaking, the fractional attainment of equilibrium is 
given by'Eq. 1, 
the amount of exchange at time / 
the amount of exchange at infinite time , [> 
A plot of U{x) versus / (Fig. 1) indicates that the 
fractional attainment of equilibrium is faster at higher 
temperatures, an observation analogous to that 
obtained for the other materials of this class ^  **. 
Although this is a limited bath system, the equation 
applicable to an infinite bath can be used here because 
CV p CV where C and C are the metal ion 
concentrations in the solution and exchanger phases 
respectively, while V and V are the volumes of these 
phases. The Nernst-Planck equations can be solved 
with some additional assumptions", which are valid 
for inorganic ion-exchangers as the swelling changes 
and the specific interactions are not significant in this 
case. As a result we obtain a coupled inter-difTusion 
coefficient D^B. the value of which depends on the 
relative concentrationsj)f the counter ions A and B in 
the exchanger phase (C^ and CB). For CA <^  Cg the 
inter-diffusion coefficient assumes the value DA, A 
being the counter ion initially present in the ion-
exchanger phase. Since in the present study the 
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0 
F'g-
t . 2 3 
T I M E , m i n 
-Plols of V(z) against time for Mgdl) at different 
temperatures on antimony(V) silicate 
0 4 
Ti ntf ( mifi 1 
Fig. 2^Plots of T versus time for Mg^* ion at different 
temperatures on antimony(V) silicate 
exchanger is taken in the H * form, Z)^  may be replaced 
by^H-
Thus, on the basis of the Nernst-Planck equations 
the numerical results can be expressed by the explicit 
approximation**, 
(/(T) = {1 - exp[7r VtC '^H +/2(0')T ' +/3(«)^')] } " . . . (2) 
where T=(Z)Hr)/ro, the mobility ratio (x^D^/D^, r^ 
= particle radius, and JD^ is the inter-diffusion 
coefficient of the metal ion. The a values for the 
different metal ions studied are avg = 6.5818, aca = 
5.8387, as, = 5.8387 and ae, = 5.4848. Under the 
conditions 1 ^ a < 20 and ZH/ZM = 0.5, which are 
fulfilled in the present case, the three functions /i(a), 
/2(a) and /3(a) can be expressed as: 
/ 2 ( a ) = -
/ 3 ( « ) = -
0.64+0.36a°**« 
1 
0.96-2.0(x<'*"' 
1 
... (a) 
0.27 +0.09a' 
(b) 
(c) 
Table 1 -
Metal 
Mg^  
Ca'' 
ST'* 
Ba-* 
Slopes 
on 
of the Various T Versus Time Plots for 
Alkaline Earths 
25 C 
8.33 
3.61 
3.33 
5.21 
i x | 0^s 
33 C 
10.42 
417 
500 
6.25 
-') at temp. 
50 C 
14 17 
5,00 
5 40 
8.17 
65 C 
18.33 
6.25 
6 83 
944 
Each value of U(T) will have a corresponding value 
of T which can be obtained on solving Eq. 2 by the 
graphical method. The plots of x versus / at four 
different temperatures (Fig. 2) for the Mg^^ ion are 
shown at a concentration 2.0 x 10 "^ A^ . The plots are 
linear passing through the origin thus confirming the 
presence of a particle diffusion controlled pheno-
menon. The slopes (5) of such lines for all the four 
alkaline earth metal ions are given in Table 1. The 
slopes are related with DH (Eq. 3), 
s = 
DH 
... (3) 
The values of Z)H obtained from Eq. (3) were plotted 
against 1/T (Fig. 3) when straight lines were obtained 
verifying the Arrhenms relation (Eq. 4), 
Z)H = £'oexp(-£,//?T) 
... (4) 
Do was obtained by extrapolating these curves and 
observing the intercept at the origin. The activation 
energy (£J was then calculated with the help of Eq. (4) 
taking the value of £)„ as 273°K.. The entropy of 
activation was then calculated by using Eq. 5. 
£)o = 2.72rfU-T//iexpl AS* 
~R . . . ( 5 ) 
1 0 2 
2 95 
Fig. 3—Plots of log DH versus 1/T for alkaline earth metal ions on 
antimony<V) silicate 
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Table 2—Self-diffusion Coefficients, Energies of Activation 
and Entropies of Activation of Alkaline Earth Metals on 
Antimony(V) Silicate 
Migra- Hydrated Do 
ting ionic (m^s"') 
ion radii 
(A) 
3.10 
Ca^* 
Sr^* 
2.00 
1.80. 
1.50 
6 .03x10- ' 
6.03x10-"' 
8.32x10-"' 
1.10x10-' 
(kJmor') 
12.18 
8.42 
9.04 
9.05 
AS* 
(JK-'mol-') 
-53.74 
-72.88 
-70.21 
-67.88 
is similar to that observed earlier for tantalum 
arsenate'' and ferric antimonate'. 
Here d is the ionic jump distance (taken' ^  as 5 A), k is 
the Boltzmann constant and h is the Planck's constant. 
T was taken as 273°K. The values of D^, E, and AS* 
are sunraiarized in Table 2. The results indicate that 
the £, and A5* values are related, to some extent, with 
the hydrated ionic radii of the alkaline earths. Negative 
A5* values confirm that the behaviour of Sb(V) silicate 
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